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Abstract
This thesis documents the study of elementary processes in interaction of intense, ultrashort
laser pulses with underdense plasmas. Main objective of this thesis is to understand the
basic phenomena resulting from the interaction of ultra-short ultra-intense laser pulses with
matter and to study the mechanism which eventually leads to generation of high energetic
electrons, in laser based plasma accelerators. In a broad prospective, the work here can be
described as a detailed experimental and numerical study of laser matter interaction, plasma
formation and acceleration of particles. The motivation for these experiments arises from
the fact that the results are relevant from both fundamental and applied research point of
view.
The light matter interaction is basically associated with the behaviour of individual atom
exposed to high fields. The knowledge of this behaviour is important, as the basic interaction
mechanism between laser and matter eventually drives the overall physical mechanism of
the investigated phenomena. For this purpose numerical simulation based on optical field
ionization was developed. These calculations yield information about the plasma density
distribution within a given experimental conditions. The knowledge of the electron density
distribution and its dynamics is very useful in interpreting many observed phenomena during
the experiment. When working with short pulse laser systems, possible pre-pulses that
precedes the main pulse have to be taken into account. The numerical study on ionization is
further extended for the inclusion of the pre-pulse effect in high intense pulses.
One of the important feature during the experimental work is the use of time domain
interferometry. This allowed to freeze the dynamics of the electron density evolution on
femtosecond time scales up to several picoseconds. This was done by taking the snapshots
of the process initiated by the main laser pulse by another pulse (called probe pulse) in terms
of fringe shift.
With ultrashort and high intense laser pulses the physical behaviour of the medium
changes drastically in a time comparable or shorter than the pulse duration. This ultrafast
change in the physical properties of the medium induces spatial and spectral modification in
the propagating laser pulses. Study of these modifications could enhance the understanding
ii
of how intense optical pulses propagates in plasmas. Search for stable propagation of in-
tense laser pulses in underdense plasmas and study of their spectrum modification was one
of the most important work during the experiments.
High energetic electrons with good bunch parameters have been successfully generated
during the first phase of the experiment at LNF, with the newly built FLAME laser system.
The main objective of the new facility at LNF is to push the electron energy to GeV scale
and to find ways for new compact radiation sources.
The present work is motivated by the need to gain understanding of laser pulse propaga-
tion in plasmas and its implications on electron acceleration by high-intensity laser irradia-
tion of gas targets and their application. The results, in particular the frequency shift of the
laser pulse, have taken a further step towards a broad application of laser gas interaction in
a large variety of fields like accelerator physics and supercontinuum generation.
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Part I
Introduction
CHAPTER 1
Laser based plasma accelerators:
Introduction and motivation
Lasers are one of the most significant inventions of the twentieth century. When laser
made its debut in 1960 [1], it was called a solution looking for a problem. At that time,
different groups across the world were working to understand the behaviour of matter, par-
ticularly atom, in the presence of an external applied field. Lasers provided and excellent
source of high field to boost up these studies to a new level. The invention of pulsed lasers
opened exciting research opportunities in the field of laser-matter interaction.
The initial free running laser oscillators were first Q-switched and later mode-locked to
provide high peak power in nanosecond or picosecond duration pulses. After that, for about
one and a half decades, there was not much progress in pushing up of the laser power. The
last two decades have witnessed an outstanding development of ultrashort laser technologies
and consequently, a completely multidisciplinary field has emerged, known as ultra-fast
phenomena sciences. Dramatic breakthroughs have led to the advent of new solid-state laser
sources that can deliver pulses as short as few tens of femtosecond. The implementation of
the Chirped Pulse Amplification (CPA) technique [2, 3], for the amplification of short pulses,
has opened up new opportunities for innovative approaches in the domain of ultrashort ultra-
intense field physics. These ultrashort pulses allow to reach very intense fields [4]. For
instance, a laser pulse with energy of 100 mJ in 100 fs pulse duration corresponds to a
power of 1 TW (1012W). When focused to a diameter of 10µm, it gives an intensity close to
3× 1018W/cm2. Thus, ultra-short laser pulses can deposit a certain amount of laser energy
in a very small area in a very short time interval and opens a completely new regime of
laser-matter interaction, which is complex but rich in physics [5].
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Plasma physics is one of the major scientific fields to use these lasers. A major impe-
tus was provided by the proposal of initiating fusion reactions for viable energy production
using high power laser beams [6, 7, 8, 9, 10]. This quest still continues. Along the way, how-
ever, the field has branched into a number of exciting research areas and particle acceleration
is one of them [11, 12, 13, 14].
From the beginning, nature and its constitution remains one of the great mysteries to
resolve for the human being. The quest for understanding the fundamental laws of nature
brought several discoveries and inventions in science and technology. The most distin-
guished experiment to understand the structure of atom was done by Ernest Rutherford in
1909. By analysing the nature of the collision between the target and projectile the basic
structure of the atom has been found. To look deep inside the matter it is required to over-
come the large force created by the constituents of the matter. Accelerator physics gets
its origin from the quest to generate such energetic particles to probe the atomic structure
and became an outstanding tool to answer some of the most remarkable questions about the
nature of the universe.
In present days, particle accelerators are one of the largest machines built by humans. It
is among the main tool for elementary particle research from last five decades. The conven-
tional particle accelerators are now approaching to their limits. In the conventional accel-
erators such as LINACs, the acceleration gradients are limited to some tens of MV/m due
to material break down considerations [15]. Consequently, as the energy gain of particles
is the product of such gradient times the acceleration distance, one is obliged to extend the
acceleration distance in order to reach high energies. This is why these tools for high energy
physics are becoming larger and larger and increasingly more expensive.
It was realized by Tajima and Dawson [11] way back in 1979 that a laser beam prop-
agating in plasma can excite electron plasma waves, which being longitudinal can be used
to accelerate electrons. To understand the rationale for plasma-based acceleration, consider
the limits of conventional particle accelerators based on radio-frequency waves propagating
in metallic cavities. They are limited first by the availability of high peak power drivers and
ultimately by electrical breakdown of the metal structure. Due to these inevitable features in
conventional accelerators their accelerating gradient is limited to 20-100 MV/m. Plasmas,
on the other hand are not limited by material breakdown consideration as they are already
ionized and indeed support huge electric field of the order of 10-100 GV/m. Consequently,
with regard to the energy gain of particles in accelerators, a plasma accelerator can cut
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Figure 1.1: The figure shows the fundamental difference between the laser based particle acceler-
ators and the conventional accelerators. (a) Plasma produced by an intense laser pulse incident on
a gas jet. The length of the plasma column or accelerating structure is 4 mm. The bright column
support hundreds of GV/m accelerating gradient (b) Satellite view of LHC at CERN. The radius of
the accelerating structure is 4.3 KM. The laser based plasma accelerators potentially reduces the di-
mension of the accelerating structures by many orders of magnitude and still provides high quality
energetic particles.
down significantly the acceleration distance to boost particles to several MeV over a short
distance below the millimetre range and still provide a good quality electron beam. Thus,
plasma based particle acceleration opened a new and exciting field of extreme gradient be-
yond 1 TV/m. Fig. 1.1 illustrate the difference in the size of accelerating structure between
laser based plasma accelerators and conventional accelerators.
In last two decades there has been a tremendous progress in laser based plasma accel-
erators due to the advances in technology [16, 17, 18], particularly by the development of
compact terawatt laser systems based on the technique of chirped-pulse amplification. One
of the most remarkable developments brought by the invention of CPA was that it enabled
construction of table-top terawatt lasers, employing high energy storage materials such as
Ti:Sapphire and Nd:glass, and leading to a significant progress in the techniques of short
pulse generation. Typical parameters of this class of laser system are: few hundreds of mJ
energy in a single pulse of multi femtosecond duration, delivering multi terawatt peak power,
which is high enough to reach laser intensities of the order of 1020W/cm2 at the focus. Due
to the significant decrease in energy consumption as compared to megajoule laser facilities,
these devices fits very well in small laboratories and enable researchers to create and study
extreme condition of light matter interaction on small scale environment.
The basic principle of particle acceleration using laser or charged particles beams is as
follows: A plasma as a whole is electrically neutral, containing equal amounts of negative
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charge (electrons) and positive charge (ions). A pulse from an intense laser or particle
beam, however, creates a disturbance in the plasma. In essence, the beam pushes the lighter
electrons away from the heavier positive ions, which in turn get left behind, creating a
region of excess positive charge and a region of excess negative charge. This separation
of positive and negative charges produces a large electric field that points from the positive
to the negative charge region. This high electric field travels through the plasma as a wave,
trailing in the wake of the light pulse at nearly the speed of light, and accelerates any charged
particles that comes under its influence [19]. There are several variants of plasma-based
accelerators [20]. The most widely investigated are plasma wakefield accelerator, plasma
beat wave accelerator and laser wakefield accelerator including the self-modulated ones.
The plasma-based accelerators in which the plasma wave is driven by one ore more
electron beams are referred to as the plasma wakefield accelerators (PWFAs) [21]. In the
PWFA, the plasma wakefield can be excited by a relativistic electron beam provided that the
electron beam has a shorter spatial extent than the plasma period.
In the plasma beat wave accelerator (PBWA), two long pulse laser beams of nearly equal
frequency are used to resonantly excite an electron plasma wave [22]. This is done by
beating the laser beams such that the difference in the frequencies is equal to the plasma
frequency. The laser exerts a longitudinal ponderomotive force on the plasma electrons and
resonantly drives a plasma wave.
In the laser wakefield accelerator (LWFA), a single short and high intensity laser pulse
drives a plasma wave [23]. The wakefield is driven most efficiently when the laser pulse
length is equal to the plasma wavelength.
The self-modulated LWFA uses a single short high intensity laser pulse, as in the stan-
dard LWFA. The self-modulated LWFA, however, operates at higher densities than the stan-
dard LWFA, such that the laser pulse length is long compared to the plasma wavelength
and the laser power is somewhat larger than the critical power for relativistic guiding [24].
In this high density regime, the laser pulse undergoes a self-modulation instability, which
causes the pulse to become axially modulated at the plasma period. Among all the differ-
ent versions of the plasma-based accelerators, LWFA (including the Sm-LWFA) is the most
successful one.
In addition to the above acceleration mechanisms, direct laser acceleration of electrons
in a plasma of relatively higher density have been reported [25, 26]. A laser of finite spot
size and pulse duration (τ > 2πω−1p ) exerts a radial ponderomotive force on plasma elec-
7trons and pushes them out of the laser column, creating a radial electric field due to the
stationary ion space charge. The energetic electrons, due to their higher relativistic mass,
experience a smaller ponderomotive force and execute betatron oscillations under the space
charge electric field. Their motion along the laser axis produces an azimuthal magnetic
field, reinforcing the betatron oscillations. The electron velocity due to betatron oscillations
couples with the magnetic field of the laser to exert an axial Lorentz force on the electrons
at frequency ω − ωb and wave number k, where ω and k are the frequency and wave vector
of the laser and ωb is the betatron frequency. When the electron axial velocity vz equals the
phase velocity of this Lorentz force ω−ωb = kvz, or the Doppler shifted laser frequency (as
seen by the relativistic electrons) equals the betatron frequency, resonant energy exchange
occurs between the laser and the electrons.
At very high intensity (≥ 1019Wcm−2), a new scenario of mono-energetic electron ac-
celeration with energy spread≤ 3% is emerging. Particle-in-cell simulations of laser-plasma
interaction with pulse duration short enough and with very high intensity reveal that an elec-
tron evacuated ion bubble is formed at the rear of the laser pulse [27, 28]. The electron
density at the backward point of the bubble piles up to form a double layer. Electrons in this
pile can be accelerated by the bubble space charge to high energy while focusing in phase
space, forming mono-energetic electron beam.
The acceleration of electrons using a single laser pulse was first demonstrated by Naka-
jima et. al. in 1995 [29]. In that experiment electrons with energy up to 18 MeV were ob-
served using externally injected electrons with initial energy of 1 MeV. The experiment was
done with a 1 ps, 3 TW laser pulse at high electron density (∼ 1019cm−3) in self-modulated
laser wakefield acceleration regime. The first experimental observation of LWFA was done
by Amiranoff et. al. with an externally injected electron beam [30, 31]. This scheme of
external injection of electrons was not very practical due to low coupling efficiency between
the injected electrons (generated from RF-cavities) and the plasma-based accelerating struc-
tures. The first experiment on acceleration of self-injected electrons has been demonstrated
by self modulated laser wakefield acceleration mechanism [32]. A laser pulse longer than
the plasma period undergoes the self modulation, and eventually leads to the generation of
large amplitude wakefields and self-trapping of electrons into plasma accelerating structures
via wave-breaking. Many experiments on the generation of MeV electrons and measurement
of the acceleration gradient have been reported [33, 34, 35]. In the experiment [36] electron
acceleration up to 30 MeV was achieved in a length of about 1 cm, giving the acceleration
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gradient of 0.03 GeV/cm. In a recent experiment [35], the direct measurement of real accel-
eration gradient has been shown. By employing a tomographic diagnosis, the acceleration
of monoenergetic electrons from 5 MeV to 55 MeV in a distance of 200µm is reported.
Earlier experiments on electron acceleration showed a wide width in electron energy
spectra. In 2004 breakthrough in this direction has achieved and a beam of monoenergetic
electrons has been experimentally produced by three groups [37, 38, 39]. Mangles et. al.
have observed 25 MeV and 75 MeV electrons with less than 3% energy spread by impinging
a 0.8µm, 2.5× 1018W/cm2, 40 fs, laser pulse of 12µm spot size on helium gas at electron
density ne = 2.3 × 1019cm−3. Faure et. al. have observed beam of 170 MeV energy by
a similar mechanism. Geddes et. al. have reported 80 MeV electron beam with less than
1% energy spread using a preformed plasma channel guiding. The acceleration in these
experiments is believed to occur in so called ”bubble regime” [27]. This bubble has been
seen to be formed behind a high power short laser pulse in plasmas and it is completely
devoid of electrons. This is sometime also referred as an ion channel. However, this type
of ion channel is different from the one observed by Durfee et. al. [40]. This ion channel
lasts only for few ps while the one observed in [40] lasts for few ns. The electrons initially
pushed by the laser ponderomotive force, collide at the base of this bubble and a bunch of
electrons is injected into the bubble as seen in simulations. These electrons are accelerated
inside the bubble and show a monoenergetic energy spectrum. The observation of monoen-
ergetic electrons in laser plasma interaction has revived the hope of replacing the large size
conventional accelerators by compact tabletop laser plasma accelerators.
There are two important parameters governing the length over which acceleration can
take place, these are (1) plasma density, which control the dephasing length and (2) the in-
teraction length 1, which is normally equal to the Rayleigh length. Since dephasing length
is inversely proportional to plasma density, higher plasma density gives shorter dephasing
length and consequently smaller energy gain. The interaction length or Rayleigh length is
the length up to which the laser pulse remains intense enough to drive a plasma wave. The
useful acceleration length is the shortest of these two lengths. When the laser pulse energy
is not high enough, normally, to have high intensity the pulse is focused to a very small spot
1In principle there is another parameter known as pump depletion length. It is defined as the distance
over which the laser pulse energy depleted significantly. After that the pulse cannot excite plasma waves.
The effective interaction length is the shortest among dephasing length, pump depletion length and Rayleigh
length.
9size. This limits the interaction length up to few microns and eventually limits the energy
gain by surfing particles. With the development of high power laser systems, energies up to
few Joules are now available and the pulse needs not to be focused to a very small spot size
for high intensities. This extends the interaction length and also maintains the intensity of
the laser pulse up to several hundreds microns. In experiments, the dephasing length was
controlled by changing the backing pressure of the gas-jet and the interaction length was
extended by using a high ”F” number focusing optics or by pre-formed plasma channelling.
After the generation of quasi-monoenergetic electron bunches the other important pa-
rameters which need to be controlled are bunch quality, stability and reproducibility. A
major breakthrough in this effort was achieved by Faure et. al. in 2006 by controlled in-
jection of electrons into plasma wakefields using colliding laser pulses [41]. In all previous
experiments the electron self-injection was relied on self-trapping via wave-breaking which
was not actually a controlled way of particle injection. With the use of a second, injecting,
laser pulse tunability of the electron bunch energy and stability were achieved with high ac-
curacy. At a broader prospective the performance, stability and good out-put of laser based
plasma accelerator depend on laser and plasma parameters. For laser systems these are laser
energy, pulse length, power, focusability, pointing stability and contrast ratio between main
and pre-pulse. For the plasma these can be plasma density, temperature and their profile.
The experimental work done in the last two decades have shown that the outstanding and
competing features (low emittance, high bunch charge) of laser-accelerated electron beams
promise their use in a large variety of applications. The beams can be used as a diagnostic
tool in basic plasma research, e.g. for the diagnostics of electromagnetic fields in dense
plasmas with picosecond time resolution. Laser-accelerated electrons could be applied as
compact particle accelerators, as a driver for neutron production [42], for radio-isotope gen-
eration [43, 44], for table-top nuclear physics [45], for the generation of intense x-rays [46]
or even for medical applications as a compact radiotherapy system for tumor treatment.
In addition to this practical advantage, it is of great interest to investigate the applications
of particular characteristics of the electron beams generated in plasmas, such as the high
density (4 or 5 orders of magnitude greater than in RF bunches) and the short temporal
duration of the electron bunches, derived from the shortness of the laser pulse. Further-
more, the application of such electron bunches can be pushed to explore terahertz (THz)
radiation generation [47]. As a THz radiation source, LWFA may provide not only a com-
pact apparatus compared to conventional accelerators, but also electron bunches with much
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shorter duration and hence higher THz frequencies. Synchrotron radiation from LWFA was
demonstrated experimentally and has been studied by many authors [48, 49, 50]. Although
conventional synchrotron light sources can generate very high energy photons, this few KeV
ultrafast x-ray radiation could provide a powerful tool for femtosecond x-ray diffraction or
absorption spectroscopy. By using an undulator, LWFA driven XUV FEL could be de-
signed. For all kind of applications, stability and reproducibility of electron bunches remain
the key issues and there are still many things to be addressed for the applications. With the
continuous development in technology, understanding of the physical mechanism and com-
missioning of new high power laser facilities across many laboratories around the world, it
can be expected that these applications can be realized in the near future.
1.1 Thesis structure
This PhD dissertation is a report of an experimental study on particle generation with
high intensity lasers. Most of the work described in this thesis has been carried out at the
Intense Laser Irradiation Laboratory in Pisa [Italy], lead by Dr. L. A. Gizzi. This laboratory
belongs to the Unit of Pisa (headed by Dr. A. Giulietti) of the National Institute of Optics
of the italian National Research Council (CNR). Part of the work was also carried out at
the Laboratori Nazionali di Frascati of the Italian National Institute for Nuclear Physics
(INFN), in the framework of the INFN project PLASMONX (whose national representative
is currently Prof. Danilo Giulietti). The purpose of these experiments were to study the
propagation of intense laser pulses in plasmas and to efficiently generate high energetic
electrons. This manuscript is divided into five parts:
Part-I provides introduction to laser based plasma accelerators. Their scientific context
and competitiveness over conventional accelerators is discussed briefly.
Part-II is dedicated to basic concepts and terminology used in laser plasma interaction
studies. With simple mathematical expressions, the physical mechanism of particle genera-
tion and their acceleration is described.
Part-III describes the ionization model used in this thesis. A quantitative knowledge of
ionization of neutral gases with intense laser pulse helps in understanding and interpreting
many physical processes during interaction (propagation) of laser pulses with gases (plas-
mas).
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Part-IV describes the experiment on electron acceleration with moderate power laser
system. The salient feature of the experiment was generation of supercontiuum from laser
gas interaction. It is for the first time that the new frequency generation has been observed
from gases in such a large extent and recorded spatially (spatial variation of frequency with
propagation of laser pulse in plasmas) as well.
Part-V presents the preliminary experiment on electron acceleration with very high
power laser system under commissioning at LNF. Finally, a summary of the observed re-
sults will be given and how these studies can and should be extended in the near future will
conclude this manuscript.
Part II
Basic concepts and physical mechanism
of laser based plasma accelerator
CHAPTER 2
Generation of ultra-short laser pulses
2.1 Outline
Laser plasma interaction physics is one of the most rich, innovative and well established
branch in physics. The inclusion of ultra-intense ultrashort lasers is, however, relatively
quite recent. This chapter is devoted to the physics and technology concerned with the gen-
eration of ultrashort laser pulses that was triggered by the invention of laser mode-locking,
one of the most striking interference phenomena in nature. Simultaneous oscillation of
large number of highly coherent, phase-locked longitudinal modes in a laser yields a resul-
tant field equal to zero most of the time except for very short intervals [51]. As a result of
constructive interference between the oscillating waves, the entire energy of the radiation
field is concentrated within these short periods. As a consequence, laser mode-locking leads
to the formation of a short light pulse circulating in the resonator. Each time the pulse hits
a partially reflecting mirror, a small portion of its energy is coupled out of the oscillator,
resulting in a train of ultrashort pulses at the out-put of the mode-locked laser.
Section 2.2 of this chapter is concerned with the generation of ultrashort laser pulses and
in Section 2.3 amplification of the short pulses is described.
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Figure 2.1: Schematic of laser emission and mode-locked laser output. (a) represents the
oscillations of the modes locked in constant phase in frequency domain. (b) represents the
output pulses in time domain. The pulses are separated by the round trip time, tr, of the
cavity and tp is the pulse duration.
2.2 Ultrashort light pulse generation
The development of compact table-top tera-watt laser systems delivering intense, ultra-
short pulses relies on two major advancement in technology. One is the chirped pulse am-
plification (CPA) [2, 3] developed in mid eighties and the other is Kerr-lens mode-locking
[52] of the Ti:Sapphire oscillator developed in early nineties. Today, most of the compact
high power lasers are based on Ti:Sapphire oscillators. Apart from the obvious advantages
of being a solid state laser in comparison to the dye-based lasers of the earlier generation,
Ti:Sapphire has several other advantages such as large lasing bandwidth, very good thermal
conductivity and excellent mechanical properties.
A cavity consisting of a gain medium normally yields output in continuous wave opera-
tion where intensity is constant in time. If, however, the energy emitted by the cavity can be
compressed into short temporal duration, the resulting pulse would have much higher peak
power and can result in high intensity upon focusing. In order to generate very short pulses
the Ti:Sapphire laser relies on the process of Kerr-lens mode-locking. It involves phase lock-
ing of a large number of longitudinal modes (i.e. wavelengths whose half-integral multiples
equal the cavity length) of the laser. The frequency spacing (∆ω) between two adjacent
modes is the inverse of the round trip time (tr = c2L) in the cavity (Fig.2.1).
The large number of constant phase locked modes in frequency domain corresponds to
an infinite series of short pulses [53], spaced by tr in the time domain. This effect occurs
due to the interference between various modes and one can show this effect by a simple
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calculation. Let us consider N frequency modes locked in phase, with central frequency ω0
and the mode spacing ∆ω. The resultant electric field and intensity are given by
E(t) = Σei(ω0+n∆ωt) =
eiN∆ωt − 1
ei∆ωt − 1 e
iω0t (2.1)
I(t) = |E(t)|2 ≈ sin
2(N∆ωt/2)
sin2(∆ωt/2)
(2.2)
The intensity profile is thus a series of pulses whose width is determined by the number
of modes that are locked in phase. A large number of phase locked modes implies a large
bandwidth (N∆ω) and hence a shorter pulse width tp ∼ 1/N∆ω with higher peak power.
In order for a laser to operate preferentially in mode-locked (short-pulse) state in contrast
to normal continuous lasing (i.e. free running), one needs a device to switch from the normal
state to the mode-locked one. Before the advent of Kerr-lens mode-locking, the switching
action could only be achieved by introducing an additional element in the cavity to provide
a time-dependent loss mechanism − a saturable absorber or an acousto-optic modulator. A
large number of lasers still operate in this fashion, usually in the picosecond regime. The
duration of the pulse in such a laser is typically determined by the speed at which the time-
dependent loss mechanism can be switched between the ’on’ and ’off’ state.
In a Kerr-lens mode-locked laser, such a switch is essentially inherent and instantaneous
by mapping on to the spatial domain. It is a process that takes advantage of the non-linear
effect of self-focusing. For high intensity pulse propagation through the lasing medium, the
refractive index is no longer a constant (as in the case of low intensity laser) but is intensity
dependent. The non-linear intensity-dependent refractive index in the optical elements of
the laser cavity is given by
n = n0 + n2I(r) (2.3)
Thus, the refractive index varies over radial (transverse) direction of the beam such that
the crystal acts as a lens. This non-linear effect due to dependence of the intensity on trans-
verse spatial coordinates of the laser beam is called self-focusing. Thus, for a Gaussian
shaped beam passing through a material, with the beam more intense at the center than at
the edges, the index of refraction for the material will become higher at the center than at
the edges of the beam, thereby effectively creating a lens that in turn slightly focuses the
beam within the material. The path length that the beam traverses and the beam intensity
will determine how much focusing occurs before the beam emerges from the material.
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Figure 2.2: Schematic of KLM for achieving mode-locking. (a) shows a Gaussian laser
beam passing through a solid state gain material. The normal continuous wave propagation
is shown with dashed lines. A small aperture is placed in the path of the laser beam to
provide high loss to the continuous wave mode. (b) shows the transmission of the pulse
as a function of intensity. High intensity pulse undergoes self-focusing which reduces its
diameter and hence transmission of the beam increases.
In Kerr lens mode-locking, the self-focusing effect is used to preferentially select the
mode-locked set of modes that provide short-pulses, rather than a single steady-state con-
tinuous wave (cw) mode. Due to this effect, short pulse operation leads to a smaller beam
radius than cw operation. By placing a slit of suitable size at an appropriate location, the
loss in the cavity for cw operation can be selectively increased while there is no attenuation
for a short pulse (Fig. 2.2), which constitutes a fast saturable absorber effect. Under such
circumstances, the laser operates in the pulsed mode. The laser pulses obtained in this way
are as short as few femtosecond.
The seeding of a high intensity pulse relies either on a spike due to noise, or external
intervention in the form of cavity modulation to enforce the coupling of the phases of dif-
ferent modes. This is usually achieved by vibrating an optical element in the cavity. After
the initial seeding, successive passes in the cavity improve the mode locking leading to even
shorter pulse width and higher peak intensity and after a few round trips laser settles into a
stable pulsed operation. The stable limit to pulse width is due to combination of opposing
tendencies of group velocity dispersion on one hand and the cavity compensation of such
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dispersion on the other. A pair of prism is usually employed for adjustable dispersion com-
pensation, and recently dispersion-compensated mirrors have also been used. Pulses as short
as 5 fs in duration have been generated using this technique, which essentially consist of just
a couple of oscillations of the light electric (magnetic) field. For a more detailed discussion
on generation of short laser pulses the reader can refer to [54, 55].
2.2.1 Pulse amplification
The short pulse generated in an oscillator has a very little amount of energy associated
with it, usually of the order of nano-joule. Thus, these short pulses need to be amplified.
Prior to the advent of the chirped-pulse amplifiers, the architecture for high power solid-state
laser systems consisted of an oscillator that produced a seed pulse of several nanosecond
or picosecond duration, followed by an amplifier or amplifier chain that multiplied the seed
pulse energy by several orders or magnitude. This architecture had restricted the peak power
densities to a few GWcm−2 in the final amplifier. The path to even higher output intensities
is blocked by the self-focusing effect, which can ruin the amplifier medium. Thus, whilst in
the case of generation of short pulses the non-linear refractive index and the self-focusing is
an asset, it is certainly not the case for amplification.
The problem is overcome by the chirped-pulse amplification technique, in which the
pulse is first stretched in time by several orders of magnitude (without loss of bandwidth).
This is called chirping of the pulse. The chirped pulse has an increased pulse width and
hence a lower peak intensity. This permits the use of large gain amplifier systems. After
the amplification, the pulse is recompressed to nearly its original pulse duration and conse-
quently, a very high intensity pulse is obtained. In order to use this scheme, it is necessary to
stretch and then recompress the pulse without the loss of bandwidth and without distortion.
However, subsequent amplification in a chirped-pulse amplification chain will result in
a substantial lengthening of the ouput pulses owing to gain narrowing and uncompensated
phase errors (as the femtosecond pulses are amplified or propagated through optical com-
ponents they become lengthened and lose their shape). Maintaining a certain pulse duration
after any form of propagation or amplification requires the use of a dispersion compen-
sating technique or device. Various dispersion compensation mechanisms exits, including
prisms, gratings etc. A novel approach to dispersion control using an acousto-optic mod-
ulator has also been invented. The commercially available Dazzler is an example of such
an acousto-optic programmable dispersion filter (AOPDF) [56]. Dazzlers have been used
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Figure 2.3: Schematic of CPA system, indicating pulse width and intensity at different stages
of amplification.
in the amplification chain of short pulse lasers to control dispersion. AOPDF offer great
flexibility and range of control of dispersion. A complete description of AOPDF is beyond
the scope of the present work. Excellent literature, illustrating the process in detail can be
found elsewhere [57, 58].
In a CPA system, the limit on the attainable intensity is decided by the maximum energy
and lowest pulse duration. The maximum energy extracted from an amplifier system would
in turn depend upon the damage threshold of the amplifying medium for the stretched pulse.
It also depends on the saturation fluence. The typical values of the damage threshold for
amplifying media used in a CPA systems vary from 10−20GWcm−2. Practically, lasers are
operated much below the damage threshold in order to avoid beam distortion due to the non-
linear part of the refractive index. A schematic of a typical chirped pulse laser amplification
scheme is shown in figure 2.3.
CHAPTER 3
Interaction of intense laser light with
plasmas
3.1 Outline
In this chapter we focused on certain fundamental aspects of the laser-plasma interaction
process. The purpose of this chapter is to give some of the nomenclature commonly used
in laser plasma interaction studies. The basic definition of plasma and its characteristics are
discussed in section 3.2. Section 3.3 briefly introduces the formation and propagation of
electromagnetic and electrostatic waves in a collision-less, unmagnetized plasma, assuming
a linear response of the medium. Absorption of laser light in plasma is given in section
3.4. In section 3.5 and 3.6 the interaction of free electrons with electromagnetic waves (
both in non-relativistic and relativistic case ) and the generation of ponderomotive force is
described. Finally, in section 3.7 nonlinear optical phenomena associated with laser pulse in
plasmas are discussed.
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3.2 Plasma: An introduction
The general accepted definition of plasma is a collection of ionized matter that admits
quasi-neutrality and exhibits collective behaviour [59]. The term quasi-neutrality implies
ionized assembly is neutral enough so that the electron and ion charge densities are ap-
proximately equal over a large scale. Collective behaviour implies existence of long ranged
electromagnetic force in a large collection of charged particles. Then the motion depends
not only on local conditions, but on state of plasma in remote regions as well [60]. These
requirements can also be equivalently put in terms of the following criteria on a collection of
charged particles. Such a collection should have spatial dimension larger than the character-
istic scale length λD, known as Debye length. It should exist for temporal duration greater
than the characteristic time scale ω−1p , known as plasma frequency. Finally, such a collection
should consists of an assembly large enough that it can be statistically treated i.e. number
of particles in a sphere of Debye radius should be very large. A collection that satisfies the
above conditions is defined as plasma.
One of the most important parameter in the study of a plasma is plasma frequency, ωp.
This characterizes its response to the external fields. Under normal conditions in plasma,
which is a collection of electrons and ions, it is assumed that the ions are a background of
charges which neutralizes the unperturbed plasma. In this case a perturbation is applied in
space only to the electrons. Due to this externally applied perturbation the electrons in a
plasma are displaced from a uniform background of ions, and an electric field is created in
the plasma. The electric field sets up in such a way to restore the neutrality of the plasma
by pulling the electrons back to their original positions. However, due to their inertia, the
electrons will overshoot and oscillate around their equilibrium positions with a characteristic
frequency known as plasma frequency. We can derive an expression for plasma frequency
with assumptions of T=0 and B=0 i.e. cold, collisionless plasma with no externally applied
magnetic fields. The plasma is infinite in extent and the electron motions occur only in the x-
direction. As a consequence of the last assumption, we have∇ = xˆ∂/∂x,E = Exˆ,∇×E =
0 and E = −∇φ. The electron equation of motion and continuity are:
men
(
∂v
∂t
+ (v · ∇)v
)
= −enE (3.1)
∂n
∂t
+∇ · (nv) = 0 (3.2)
Expanding the dependent variables into an equilibrium part and a perturbation as: n =
3.3 Waves in plasmas 23
n0 + n1, v = v0 + v1 and E = E0 + E1 in equation 3.1 and 3.2, ignoring the cross terms
higher than first order and assuming perturbations to vary sinusoidally, i.e. exp[i(kx− ωt)],
one can obtain the dispersion relation in this linear low amplitude limit as
ω =
(
ne2
meε
)1/2
= ωp (3.3)
This frequency is the characteristic of electron-plasma oscillations and depends only on the
electron density, independent of wave vector (k). The inverse of ωp is the response time of
the plasma electrons to perturbing fields. For example, if an electromagnetic wave of fre-
quency ω is incident on a plasma, the electrons will not be able to shield the electromagnetic
field if ω > ωp, i.e. if the time period of the electromagnetic oscillation is smaller than the
response time of the plasma electrons. Such a plasma is said to be underdense and it allows
electromagnetic wave to propagate through it. However, if the plasma has higher density
such that ωp > ω, then the plasma electrons respond fast enough and reflect the electromag-
netic wave. Such a plasma is termed as overdense. The density at which ω = ωp, is called
critical density of plasma.
In laser produced plasmas, the plasma density varies with the distance from the target.
Since the refractive index of plasma varies according to the relation
η =
√
1− ω
2
p
ω2
(3.4)
the refractive index is unity for vacuum and decreases as the density increases and ultimately
becomes zero at critical density. At this density, the laser light undergoes total internal
reflection.
3.3 Waves in plasmas
Having examined the characteristic charge density oscillations, which are supported by
a plasma, let us now consider other waves supported by the plasma, and how the plasma
modifies the propagation of electromagnetic waves. We will continue to assume that there
is no externally applied (or self-generated) magnetic field present in the plasma. We begin
with the linearized plasma response to a high frequency field of the form
E = E(x)exp(−iωt) (3.5)
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Figure 3.1: Schematic of the typical electron density profile in laser-produced plasma.
Since the frequency of the field is greater than the plasma frequency, the ions are treated as
stationary. The linearized equation of motion of the electron can be written as
∂v
∂t
= − e
m
E (3.6)
Since the current density is given as J = −nev one can write
∂J
∂t
= −ne∂v
∂t
=
ne2
m
E (3.7)
hence
J =
ine2
mω
E = σE (3.8)
where, σ = ine2
mω
, is the frequency dependent conductivity. To develop the wave equation
for an oscillating electric and magnetic field, we consider Faraday and Ampere’s laws, which
give
∇× E = iωB (3.9)
and
∇×B = µ0J+ 1
c2
∂E
∂t
(3.10)
substituting for σ in above equations, one can arrive at
∇×B = −iω
c2
εE (3.11)
3.3 Waves in plasmas 25
where ε = 1− ω2p
ω2
defines the dielectric function of the plasma. Taking curl of equation 3.9,
substituting from equation 3.10 and using standard vector identity gives
∇2E−∇(∇ · E) + ω
2
c2
εE = 0 (3.12)
A similar analysis can be carried out for the magnetic field, which gives
∇2B+ 1
ε
∇ε× (∇×B) + ω
2
c2
εB = 0 (3.13)
Now let us consider waves associated with electron motion, which are allowed by equations
3.12 and 3.13.
3.3.1 Electromagnetic waves
Let us derive the dispersion relation for electromagnetic waves in plasma with a uniform
density. Since ∇ε = 0 and ∇ · E = 0, the wave equation for E and B becomes identical.
Assuming a spatial dependence of exp(ikx), then equation 3.9 gives the dispersion relation
for electromagnetic waves in a plasma as
ω2
c2
ε = k2 (3.14)
or
ω2 = ω2p + k
2c2 (3.15)
The wave vector k is real only if ε > 0, i.e. ω > ωp. This condition can also be written as
the requirement that n < nc, here nc is the critical density and is given as
nc =
1.1× 1021
λ2
cm−3 (3.16)
where λ is the free-space wavelength of light in µm. Thus, inside a plasma electromag-
netic wave can only propagate in the underdense region and reflected back from the critical
density. The critical density for the 800 nm laser light is 1.7× 1021cm−3.
3.3.2 Electron plasma waves
The electrostatic electron plasma wave corresponds to the condition ∇ × E = 0. This
yields ε = 0. Then the definition of ε gives ω = ωp. Thus in cold, collision-less approxima-
tion the electrons only oscillate at a well defined frequency and there is no wave propagation
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as ω does not depend on the wave-vector. However, the inclusion of thermal effects leads
to the modification of dispersion relation for electron plasma oscillation and hence allows
wave propagation.
At a finite temperature, the equation of motion for electrons in the linear theory acquires
an additional term −∇pe. Under the adiabatic assumption, we have ∇pe = γKT∇n, with
γ = 3 in the one dimensional case. Hence, the equation of motion now becomes
men
∂v
∂t
= −enE − 3KT∇n (3.17)
From equation of continuity, we have
∂ρ
∂t
+∇ · J = 0 (3.18)
or,
∂n
∂t
+∇ · (nv) = 0 (3.19)
Now, taking time derivative of equation 3.17 and using equation 3.19, we have
∂2v
∂t2
= − e
m
∂E
∂t
− 3KT
men
∇(∇ · nv) (3.20)
Now substituting ∂
∂t
= −iω and ∇ = ik in equation 3.20, we have
v =
−iωe
me(ω2 − 3v2thk2)
E (3.21)
where v2th = KTme .
In a homogeneous plasma, assuming an electric field varying sinusoidally and using
J = −env = σE, the expression for the conductivity in case of longitudinal electrostatic
modes with k parallel to E is
σ =
ine2
m
ω
(ω2 − 3k2v2th)
(3.22)
Again, following the equations 3.9 to 3.11, the dielectric function now takes the form
ε = 1− ω
2
p
(ω2 − 3k2v2th)
(3.23)
and the dispersion relation obtained from ε = 0 is
ω2 = ω2p + 3k
2v2th (3.24)
and now has a temperature dependence. The frequency depends on k, and the group velocity
is finite. The existence of such electrostatic electron plasma waves also called Langmuir
waves has been know experimentally since 1920’s [61], however the detailed theory of wave
propagation and excitation was developed in late 1940’s by Bohm and Gross [62].
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3.4 Laser light absorption in plasmas
Interaction of laser pulses with matter involves several physical issues. When a laser
pulse is incident on a material, the first question that arises is how this laser energy is cou-
pled to the material or plasma so formed. This question kept theoreticians busy for many
years. Several elegant theories have been developed in this regard. A wide range of ex-
cellent material is available to understand the physical mechanism of laser light absorption
in plasmas [63, 64, 65]. The most instinctive mechanism for the dissipation of laser en-
ergy is via collision between electrons and ions. This mechanism is more dominant in case
of long duration pulses or very high density plasmas. Significant absorption is, however,
possible even in collisionless or weakly collisional plasmas. In this section we will briefly
summarise some of the basic laser energy absorption mechanisms in underdense plasmas
formed by pulses of femtosecond duration.
3.4.1 Collisionless absorption mechanism
The interaction of ultra-short intense laser pulses with plasmas is quite a complicated
physical phenomena. At high intensities, the motion of the electrons oscillating in the field
of light wave is relativistic. On the other hand, the ions, due to their inertia, cannot respond
to such high frequency field and remains practically stationary. The Coulomb collision
cross-section σ, according to the Rutherford formula, is proportional to v−4, so that the
collision frequency, νe,i = nvσ, varies as v−3 or as T−3/2e , where v is the electron thermal
velocity, Te is the electron temperature and n is the number density. Thus, with increase in
Te or v, the collision frequency decreases, which is opposite the situation for collisions with
neutral particles. A collision-less plasma is thus best achieved by increasing the temperature.
At high intensities, the plasma temperature is high enough, so that one cannot explain the
absorption by inverse bremsstrahlung mechanism.
With this discrepancy, alternative mechanisms were sought for the intense laser light
absorption in palsmas, which did not rely on collisions between electrons and ions. The
best known mechanism is resonance absorption [66]. In the case of resonance absorption, a
p-polarized light wave tunnels through the critical density surface ne = nc, where it excites
a plasma wave. This wave grows over a number of laser periods and is eventually damped
either by collisions at low intensities or by particle trapping and wave breaking at high
intensities.
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For a large density scale length (L ≫ λ), the resonance absorption occurs in a small
range of incident angles. However, in the case of short pulses where the density scale length
is small (L ≪ λ), the laser light is practically very close to the critical density for large
ranges of incident angles. Hence, the resonance absorption occurs over a broad range of
angles of incidence. In short, one can say that the angle dependence of the resonance ab-
sorption almost vanishes in the case of the short pulses. However, at large intensities, even
a combination of these two absorption mechanisms (inverse bremsstrahlung and resonance
absorption) failed to predict the observed absorption in the experiments [63]. This was due
to the presence of other absorption mechanisms at higher intensities, as well as nonlinear
effects that arises when the motion of the electrons in the laser field becomes relativistic.
In summary, inverse bremsstrahlung and resonance absorption can be the dominant ab-
sorption mechanisms for intensities 1013 ≤ Iλ2 ≤ 1017 and scale length as small as 0.1λ. In
fact, they can even contribute to the total absorption past these intensities but they will not
be the dominant mechanism.
3.4.2 Brunel effect or vacuum heating
This absorption mechanism was first discussed by Brunel in 1987 [67] and is also know
as vacuum heating. This effect is related to the ”classical” resonance absorption, in that
the electric field of the laser light drives electrons across a density gradient. The difference
between the two is that in classical resonance absorption, the laser light is assumed to be
incident on a gently increasing plasma density (i.e. the scale length of the density gradient
is many laser wavelengths). The electric field of the laser can drive a large plasma wave at
the turning point resonantly. In vacuum heating, where the density gradient scale length is
taken to be much less than the wavelength of the light, no such resonance exists. Therefore,
the laser light non-resonantly couples into an electrostatic plasma wave. Since the electric
field associated with an intense laser pulse is quite large, a significant amount of energy
can be transferred to the plasma electrons. In fact, this is one of the main mechanisms for
absorption of laser light in plasmas at high density. If the density scale length is sufficiently
small, and the laser is sufficiently intense, vacuum heating occurs when the excursion of
an electron in the driven wave at the vacuum plasma interface is so large that it is literally
pulled out into vacuum, and then sent into the plasma with ran
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3.4.3 Absorption by parametric decay process
In general terms, a parametric instability is one that produces growing oscillations fre-
quency (ω1) in a system whose parameters are modulated at a frequency (ω0 6= ω1) different
from the pump frequency (ω0). In plasma, it generally refers to a process in which a large
amplitude incident wave (the pump wave) provides the driving oscillations and excites other
waves within the plasma. Such instabilities provide a mechanism through which the inci-
dent laser light, acting as a pump wave, may feed energy into other waves. If the latter are
longitudinal waves, they get absorbed in the plasma, thereby heating it. If they are electro-
magnetic waves, which propagates out of the plasma, they may enhance the scattering of the
incident light and have an adverse effect on absorption.
There are four main parametric processes. These are: parametric decay instability, stim-
ulated Brillouin scattering, stimulated Raman scattering and two-plasmon decay instability
[68].
Parametric decay instability
In this case, the incident electromagnetic wave (laser) decays parametrically into an
electron plasma wave and an ion-acoustic wave. Both these plasma waves decay by Landau
damping (collision-less) or collisional damping processes. Thus the energy of the electro-
magnetic wave is transferred to the plasma.
The energy conservation relation for this process gives
ω = ωp + ωia (3.25)
ω = ωp
(
1 +
3k2pv
2
th
ω2p
)1/2
+ kiacs ≥ ωp (3.26)
⇒ ωp ≤ ω or ne ≤ nc (3.27)
Thus, parametric decay instability takes place up to the critical density.
Stimulated Brillouin scattering
Stimulated Brillouin scattering has the potential of causing large premature reflection of
the incident laser light before it reaches the critical density [68]. The incident laser light
decays into an ion-acoustic wave and a reflected electromagnetic wave which can leave the
plasma. The physical mechanism of this process is as follows. An initial low frequency
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density perturbation produces a transverse current, due to the oscillatory motion of elec-
trons in the laser electric field (E0). This transverse current produces a reflected light wave
with field ER. The ponderomotive force E0ER of incident and reflected wave can in turn
cause enhancement in the original density perturbation and thus further growth. The energy
conservation for this process gives
ω = ωscattered + ωia (3.28)
ω = ωp
(
1 +
k2sc
2
ω2p
)1/2
+ kiacs ≥ ωp (3.29)
⇒ ωp ≤ ω or ne ≤ nc (3.30)
i.e. this process takes place up to the critical density.
Stimulated Raman scattering
In stimulated Raman scattering the incident laser light decays into an electron plasma
wave and a scattered electromagnetic wave. The feedback mechanism is similar to that for
the stimulated Brillouin scattering, except that now the density fluctuation is associated with
a high frequency electron plasma wave. Energy conservation in this process gives
ω = ωscattered + ωp (3.31)
⇒ ωp ≤ ω
2
or ne ≤ nc
4
(3.32)
i.e. this process takes place up to quarter-critical density.
Two-plasmon decay
At the quarter-critical density, a second process called the two plasmon decay instability
can compete with Raman scattering. In this case, the incident laser light decays into two
electron plasma waves (Plasmon). From energy conservation we have
ω = ωp1 + ωp2 (3.33)
⇒ ωp ≤ ω
2
or ne ≤ nc
4
(3.34)
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3.5 Interaction of free electrons with EMWs and origin of
the ponderomotive force
The dynamics of the electron motion under the influence of electromagnetic radiation,
for a non-relativistic case, is given by the Lorentz equation
dp
dt
= me
dv
dt
= −e (E+ v ×B) (3.35)
where E denotes the electric field and B the magnetic field associated with the electro-
magnetic wave. v and p represents the velocity and momentum of the electron. In non-
relativistic case, i.e. v ≪ c, the effect of the magnetic field can be neglected and the equation
of motion is reduced to
dp
dt
= −eE (3.36)
Consider a plane electromagnetic wave with an electric field given by
E(r, t) = E0 · cos(ωt− k · r) (3.37)
The electron oscillates under the influence of the electric field. The oscillatory velocity
of the electron is given by
v =
eE0
meω
(3.38)
The time averaged energy acquired by the electron as a result of this oscillatory motion
is
Up =
e2E20
4meω2
(3.39)
This energy is more commonly known as ponderomotive energy. In practical units it is
given as
Up = 9.33× 10−14
(
Iλ2
)
eV (3.40)
where λ is in micron and I is in Wcm−2. For a pulse of wavelength 0.8µm and intensity
1018Wcm−2 the ponderomotive energy is around 59.7 KeV. The quantity Iλ2[Wµm2cm−2]
is known as irradiance. Many of the effects in laser plasma interaction depend upon the
laser irradiance, which means that the threshold intensity for a given phenomena can vary
depending upon the laser wavelength. Thus, to give an electron an oscillation energy Up
of 1 KeV, we need a 1µm laser with I = 1016Wcm−2 or a 0.248µm laser with I = 1.6 ×
1017Wcm−2.
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In practical conditions, due to the radial intensity profile of the laser pulse the electric
field is far from being a homogeneous plane wave. For a Gaussian intensity distribution,
the peak intensity is achieved on the beam axis and a gradient across the field distribution
is present. This gradient leads radially to an additional force and hence, acceleration of the
quivering electrons into the direction of lower intensity. This force is known as ponderomo-
tive force.
To derive a simple formula for ponderomotive force, consider a plane electromagnetic
wave travelling in the z-direction, but with a radial intensity dependence, which we will as-
sume to be in y-direction. The strength of theE-field may vary due to focusing (i.e.E0(y, z =
0) = E0,maxexp(−y2/w2) with a Gaussian width w and peak electric field strength of
E0,max, hence
E(r) = Ey(y, z).eˆy = E0(y, z)cos(ωt− kz).eˆy (3.41)
Thus, the equation of motion of the electron placed in this field becomes
dvy
dt
= − e
me
Ey(y, z) (3.42)
Assuming ψ = ωt− kz, on Taylor expansion of the electric field, it reads as
Ey(r) = E0(y, z)cosψ + y
∂
∂y
E0(y, z)cosψ (3.43)
The solution of equation 3.42 for the lowest order term yields
v(1)y = −vsinψ (3.44)
and
y(1) =
v
ω
cosψ (3.45)
This can be re-inserted in equation 3.42, giving
∂v
(2)
y
∂t
=
e2
m2eω
2
E0
∂E0(y)
∂y
cos2ψ (3.46)
On multiplying by me and averaging over a cycle, the expression for the ponderomotive
force can be written as
Fp =
〈
me
∂vy
∂t
〉
= − e
2
4meω2
∂E20
∂y
(3.47)
On comparing with equation 3.37 the ponderomotive force is given by the negative gra-
dient of the ponderomotive potential,
Fp = −∇Up = −∇ e
2E2
4meω2
(3.48)
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or,
Fp ∝ −∇I (3.49)
Thus, any spatial variation of the laser intensity will act to push the electrons / ions from
the region of higher intensity to the region of lower intensity through the ponderomotive
force, which is proportional to the gradient of light intensity.
3.6 Relativistic motion of a free electron in an EMW
At higher intensities the magnetic field component in the Lorentz equation becomes
strong enough to induce a significant change in the electron dynamics which become nonlin-
ear. In this case the quiver momentum of the electron starts approaching or even exceeding
the rest mass momentum of the electron. This regime is known as relativistic regime. For
simplicity, at high laser intensity the pulse is characterized by a dimensionless quantity, a0,
known as laser strength parameter. It is defined as
a0 =
v⊥
c
=
eE0
meωc
(3.50)
where v⊥ is the transverse velocity of the electrons. Sometimes a0, which is also known
as normalized vector potential or normalised momentum, is expressed in terms of the ratio
of electrons quiver momentum and rest mass momentum a0 = p0/mec. In practical units,
the laser strength parameter is given as
a0 = 8.5× 10−10
√
(Iλ2) (3.51)
where I is the laser intensity in Wcm−2 and λ is the laser wavelength in µm. Following
the definition of laser strength parameter, relativistic regime comes in when laser quiver
momentum becomes close to the electron rest mass momentum, i.e. when a0 ≃ 1.
The amplitude of the electric and magnetic field associated with the laser pulse can be
expressed in terms of the laser strength parameter as
E0 = 32.2× a0
λ
(
GV
cm
)
(3.52)
and
B0 =
E0
c
= 107× a0
λ
(MG) (3.53)
where λ is in µm.
34 Interaction of intense laser light with plasmas
At higher intensities when the electron motion enters relativistic regime it is required to
add the relativistic correction in electron mass. The relativistic factor is given as
γ =
1√
1− v2
c2
(3.54)
The fully relativistic equation of motion of an electron oscillating in a plane electromag-
netic wave can be solved exactly [69, 70]. Following [71], let us consider the relativistic La-
grange function of an electron in the electromagnetic wave, propagating along x-direction,
with potential A and φ
L(r, v, t) = −mec2
√
1− v
2
c2
− ev ·A+ eφ (3.55)
where, r is the position and v is the velocity of the particle. From the Euler-Lagrange
equation
d
dt
∂L
∂v
− ∂L
∂r
= 0 (3.56)
one can obtain the equation of motion as
dp
dt
= −e (E+ v ×B) (3.57)
The canonical momentum can be written as
∂L
∂v
= meγv − eA (3.58)
where γ is given by equation 3.54.
For a plane light wave, there exist two symmetries which provide two constant of mo-
tion. Planar symmetry implies ∂L/∂r⊥ = 0 and therefore conservation of the canonical
momentum in the transverse direction, i.e.,
∂L
∂v⊥
= p⊥ − eA⊥ = constant (3.59)
The second invariant derives from the wave form of A(t− x/c). Making use of the relation
dH/dt = ∂L/∂t for the Hamiltonian function H(x, p, t) = E(t), which express the time-
dependent energy of the particle, one obtains
dE
dt
= −∂L
∂t
= c
dpx
dt
(3.60)
Taking into account that Ax = 0 for plane light wave, we have
E − cpx = constant (3.61)
3.6 Relativistic motion of a free electron in an EMW 35
and for an electron initially at rest, the kinetic energy is
Ekin = E −mc2 = cpx (3.62)
For an electron initially at rest, the constants of motion give
a =
eA⊥
mc2
(3.63)
pˆ⊥ =
p⊥
mc
= a = (0, ay, az) (3.64)
Eˆkin =
Ekin
mc2
= (γ − 1) = pˆx (3.65)
Thus, one can see that
γ = 1 + pˆx (3.66)
Also,
γ =
√
1 + pˆ2x + pˆ
2
y (3.67)
Thus, from equations 3.66 and 3.77, we have
pˆx =
pˆ2⊥
2
(3.68)
An immediate observation at this point is
pˆx =
a2
2
= γβx (3.69)
pˆy = ay = γβy (3.70)
pˆz = az = γβz (3.71)
Since γ = 1 + a2/2, we obtain
βx =
a2/2
1 + a2/2
→ 1 (3.72)
βy =
ay
1 + a2/2
→ 0 (3.73)
βz =
az
1 + a2/2
→ 0 (3.74)
This means that the electron, though oscillating transversely for low field strengths (a≪ 1),
moves more and more in the direction of light propagation for relativistic laser intensity
(a ≥ 1).
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As the laser intensity increases and the irradiance reaches around ∼ 1018Wcm−2µm2,
the magnetic field associated with the laser pulse become non-negligible and also the elec-
tron enters the relativistic regime. The relativistic generalization of the ponderomotive force
is done by many authors [72, 73]. It is given by
Fp = − e
2
4γmeω2
∇E20 (3.75)
3.7 Nonlinear optics of the laser propagation in plasmas
In laser plasma interaction studies the stable propagation of the laser pulse is essential
for successful realization of many applications. In the absence of any external guiding,
the laser beam diffracts in vacuum in one Rayleigh length, ZR = πw
2
0
λ
, where w0 and λ
are the spot size and wavelength of the laser pulse, respectively. For a 5µm spot size and
0.8µm wavelength, the Rayleigh length tuns out to be ∼ 100µm, which is small for any
significant practical application. In case of two pulse propagation 1, the propagation over
24 Rayleigh lengths was achieved [40]. However, for single pulse experiments, propagation
over many Rayleigh lengths without diffraction divergence is a difficult task, at least for
low intensity laser pulses. For a Gaussian laser pulse, the ionization of the gaseous medium
produces local electron density maximum along the axis of propagation. The refractive
index corresponding to such electron density profile acts as a diverging lens and defocusses
the laser light strongly, thus worsening the situation. At this point, the non-linearity of laser
plasma interaction comes at the rescue. The charge displacement non-linearity caused by
the ponderomotive force of the laser pulse and the relativistic mass non-linearity induce self
focusing of the laser pulse and its intensity can be maintained over a long distance.
3.7.1 The relativistic mass nonlinearity
While a major source of non-linearity lies in the action of the ponderomotive force, the
relativistic mass variation of electrons is another very important source of non-linearity. For
long laser pulses (pulse length longer than the plasma wavelength) of moderate intensities,
non-linearity caused by the ponderomotive force dominates over the relativistic mass non-
linearity. However, the relativistic mass variation of electrons outcasts the ponderomotive
1 The first pulse was used to form pre-plasma and the second pulse, injected after a suitable time delay, was
guided in the pre-plasma channel.
3.7 Nonlinear optics of the laser propagation in plasmas 37
Figure 3.2: Schematic of acceleration of an electron for an unguided laser pulse. In the
absence of any guiding medium the effective acceleration length is limited by the laser beam
diffraction and is equal to the Rayleigh length. Consequently, the accelerating electrons can
only gain few tens of MeV energy in spite of over 100GV/m accelerating gradient.
force non-linearity in high intensity short pulse (pulse length comparable to plasma wave-
length) laser plasma interaction. In this case, the dynamics of the electron interaction with
the laser field also changes completely. For instance, at low laser intensity the plasma elec-
trons oscillate in the direction of the laser electric field while drift very slowly in the direction
of the propagation of the laser. At laser intensity ≥ 1018Wcm−2, the scenario is reversed
and electrons drift primarily in the direction of the laser propagation due to the v × B drift
and acquire relativistic velocities due to severe oscillation in laser electric field. Once the
electrons become relativistic, the origin of non-linearities shifts towards the relativistic mass
variation.
3.7.2 The self focusing of the laser pulse
As pointed out above, the ponderomotive force of the laser pulse expels electrons away
from the axis of propagation. Consequently, the non-relativistic index of refraction of a
plasma
η =
√
1− ω
2
p
ω2
(3.76)
where ω2p = n0e2/mǫ0, n0 being the plasma electron density and ω the frequency of
the laser pulse, changes exhibiting a local maxima on the axis. This sort of refractive index
profile changes the phase velocity of the wavefront and continuously bends the wavefront
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Figure 3.3: Schematic representation of self-focusing of a laser pulse in plasmas. An ini-
tially plane wave front is incident on a region of uneven radial density distribution. The
electron density is minimum along the axial direction and maximum along the periphery.
The refractive index profile is exactly opposite to that of the radial electron density. Conse-
quently, the phase velocity is lower along the axis and higher towards region away from the
axis. This result in focusing of the initial plane wave front.
of the laser pulse until the laser pulse is focused to a very small spot (limited by natural
diffraction of the pulse).
The pioneering study in the area of self focusing of the laser pulse in a non-linear
medium was done by G. A. Askar’yan. The phenomena was predicted theoretically in [74].
This paper also treated thermal and ponderomotive force induced self focusing of the laser
pulse. Later on, a paraxial theory was developed for the laser propagation in a medium of
cubic non-linearity by Akhmanov et al [75, 76]. The non-linear refractive index and phase
of the light wave were expanded in near-axis approximation and curvature of the wavefront
was calculated by incorporating the non-linearities simultaneously. This theory became very
popular and has been widely used in scientific literature [77, 78]. The first experimental ob-
servation on the self-focusing was reported by Hercher [79].
In the relativistic regime of interaction, the refractive index of the plasma takes the form
η =
√
1− ω
2
p
γω2
(3.77)
where γ =
√
1 + a2/2, a = eE
mωc
, E is the electric field of the laser pulse. In this case,
the uneven variation in γ along the wavefront of the laser pulse causes the same effect as the
ponderomotive force does in the previous case. This is called relativistic self focusing (RSF)
of the laser pulse. If the laser power exceeds the critical power for relativistic self focusing,
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Pc = 17(ω
2/ω2p)GW, then the RSF of the laser pulse occurs [80]. At high laser intensity,
the RSF is a dominating mechanism of self focusing of the laser pulse. The theoretical
work related to the relativistic non-linearities was first started by C. E. Max and others
[81, 82, 83, 84]. The first experimental work on RSF of a laser pulse was reported in 1992
by Borisov et. al. [85]. A copious amount of work related to relativistic laser guiding,
harmonic generation and wakefield acceleration have been reported by Sprangle and co-
workers [86, 87, 88, 89, 90]. Recently, it was shown that other than Pc, the critical power for
RSF, the laser pulse duration is an another very important parameter [91, 92]. The RSF of
laser pulses does not occur if the pulse duration is too short compared to ω−1p even for laser
power greater than Pc. For pulses longer than ω−1p , self focusing can occur even for powers
lower than Pc. Associated with the RSF are many recently observed effects e.g. ion channel
formation, monoenergetic electrons observation, x-ray radiation generation.
CHAPTER 4
Laser driven wakefield acceleration of
electrons
4.1 Outline
The laser driven wakefield acceleration of electrons is one of the most important appli-
cation of the laser plasma interaction. This scheme relies on the conversion of the transverse
laser electric field into the longitudinal plasma wave electric field. A laser pulse propagating
through an underdense plasma excites a running plasma wave behind it through the action
of its ponderomotive force. This plasma wave is different from the conventional Langmuir
wave in a sense that it trails the laser pulse with a very high phase velocity (equal to the
group velocity of the laser pulse, which is close to c). These high phase velocity plasma
waves can trap and accelerate plasma electrons to very high energies. Laser based plasma
accelerators has demonstrated generation of multi MeV high quality electron bunches in
several experiments. In this chapter, we will discuss the basic physics of this rapidly de-
veloping field, concentrating on the generation of the electron plasma wave and its role in
particle acceleration.
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4.2 Physical mechanism of laser based plasma accelerators
Although electric fields of the order of 1TV/m are readily achievable these days at the
focus of a laser beam, these fields in vacuum cannot be used directly for particle acceleration.
This is because they are transverse and oscillatory in nature. However, if laser light can be
used to excite Langmuir waves in a plasma, these waves being longitudinal, can be used to
accelerate charged particles.
As discussed in the previous chapter, to understand the excitation of Langmuir or elec-
tron plasma waves in plasmas using lasers, one needs to understand the concept of pondero-
motive force. Free electrons, such as the ones present in plasma, can quiver in the electric
field associated with the electromagnetic wave. The motion of the electron in the presence
of electric field is governed by the Lorentz force. In the case of high, non-uniform electro-
magnetic (or purely electric) field, the expression for the Lorentz force has a second order
term known as the ponderomotive force, which is proportional to the gradient of square of
electric field 1.
Fp ∝ −∇E2 (4.1)
or in terms of laser intensity
Fp ∝ −∇I (4.2)
where, E is the electric field and I is intensity of the laser pulse. Thus, one can notice
from the above equation that any spatial variation in the laser intensity profile will act to
push the electrons / ions from the region of higher intensity to the region of lower intensity
through the ponderomotive force, which is proportional to the gradient of the light intensity.
This is illustrated in Figure 4.1.
This displacement of electrons creates large amplitude plasma waves whose field could
reach up to 100 GV/m, provided there is a resonance between the plasma frequency and the
ponderomotive force. The electrons trapped in such a high electric field can be accelerated
to high energies in the several hundred MeV range.
Two methods have been proposed to use the ponderomotive force exerted by intense
laser pulse to excite plasma waves resonantly. These are:
1. Laser beat wave acceleration (LBWA).
2. Laser wakefield acceleration (LWFA).
1Refer equation 3.49
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Figure 4.1: Figure shows the action of the ponderomotive force for a pulse with Gaussian
intensity distribution. The blue circles corresponds to electrons / ions. The ponderomo-
tive force pushes these particle away and excites a disturbance in plasma which result in
excitation of plasma waves.
In 1992, a third mechanism called the self-modulated laser wakefield acceleration (SM-
LWFA) has been proposed. We will discuss all these acceleration mechanisms in detail in
the subsequent sections.
4.3 Laser beat wave acceleration
In the LBWA method, the plasma wave is excited by beating two optical waves of
slightly different frequencies. Two laser waves of frequency ω1 and ω2, having polarization
in the same direction, travelling in a preformed plasma of uniform density, n, correspond-
ing to a plasma frequency ωp, will beat at a frequency ∆ω = ω1 − ω2. If this frequency
difference is exactly equal to the plasma frequency (i.e.∆ω = ωp), then strong Langmuir
waves will be excited in the plasma by the longitudinal ponderomotive force of the beat
wave. Since the beat wave moves with the laser pulse, the plasma wave will also move with
a phase velocity equal to the group velocity ( near light velocity ) of the laser pulse. A prop-
erly placed bunch of electrons with a velocity slightly lesser than the laser group velocity
will get accelerated by wave-to-particle energy transfer (explained latter). However, as the
amplitude of oscillation becomes very large, the mass of the electrons becomes relativistic
and the wave cannot be excited any more as it is no more in resonance
(
ωp ∝
√
1
me
)
.
Problems with this method are:
1. Necessity of preformed plasma of uniform density,
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2. Strict requirement of plasma density to exactly match with the beat wave frequency,
and
3. Clamping of field due to relativistic effects.
All these problems are absent for the laser wakefield acceleration method.
4.4 Laser wakefield acceleration
To understand the concept of laser wakefield acceleration, it is necessary to understand
what a wake-field is. When a speed-boat travels in water, it produces two types of waves
viz. bow waves and wake-field waves. The bow waves are conical waves having tip at the
front of the boat. These are produced because the velocity of the boat exceeds that of the
water waves. These waves are of similar character as that of the sonic boom produced when
a supersonic jet flies in air. The wake-field waves are set up at the back (or wake) of the
boat. These waves travel with the phase velocity equal to the velocity of the boat. By the
principle of the Landau damping, a floating ball dropped in the wake-field wave of the boat
will get accelerated to the velocity of the boat if its initial velocity is slightly less than that
of the boat. This is exactly the principle of the laser wakefield acceleration mechanism.
For LWFA, one uses a short pulse of very high intensity. When such a high intensity
laser pulse is incident on a gas target, its leading edge ionizes the gas. The laser light
propagates in this plasma with a velocity equal to the group velocity
(
vg ≈ c
[
1− ω2p
2γω2
])
in plasma, which is nearly equal to the velocity of the light. The short laser pulse has a strong
intensity variation in time and correspondingly in space. This leads to a strong longitudinal
ponderomotive force. The spatial extent of this ponderomotive force, and that of the density
perturbation caused by it, is of the order of 2cτ , where τ is the pulse duration of the laser
pulse. If this is made equal to the plasma wavelength (λp = 2cπ/ωp), then high amplitude
wake-fields are produced due to resonance (see Fig. 4.2). As in the case of the boat, the laser
wake-field moves with the pulse at a phase velocity equal to the group velocity of the laser
pulse. Therefore, a correctly placed trailing bunch of relativistic electrons can be accelerated
by the longitudinal field of the plasma waves.
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Figure 4.2: Schematic of laser wakefield acceleration mechanism. The laser pulse moving
at nearly speed of light excites a plasma wave trailing behind it. A relativistic electron bunch
placed in right phase experiences large accelerating field and gains energy.
4.5 Self-modulated laser wakefield acceleration
In this scheme, the electron plasma wave is excited resonantly by the modulation of the
laser pulse envelope. This occurs for a laser pulse having spatial extent or length (cτ) few
times longer than the plasma period (λp) and the pulse power larger than the power required
for self-focusing of the laser beam (critical power). Owing to the finite pulse shape, a small
plasma wave is excited non-resonantly, which results in growth of forward Raman scattering
(FRS) instability. The FRS wave and the laser wave beat at the plasma frequency giving
rise to enhancement of the electron plasma wave. Thus, there exist an oscillating density
perturbation within the pulse envelope. The laser pulse therefore sees a refractive index,
which is alternately peaked and dented at interval of λp/2, where λp is the wavelength of
the plasma wave. As the phase velocity of the laser wave is dependent of the density, the
modulation in density gives rise to redistribution of the photon flux within the laser pulse,
leading to modulations in the envelope with a period λp. This modulation gives rise to a
strong ponderomotive force with wavelength exactly equal to the plasma wavelength (as in
LWFA), which strongly enhances the plasma wave amplitude. This effect grows in time
thereby transforming the initial laser pulse envelope into a train of shorter pulses with width
of λp or duration proportional to ω−1p . Since λp ∼ n−1/2 and Pc ∼ n−1, then for fixed laser
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Figure 4.3: Self-modulated laser wakefield mechanism. The initial laser pulse undergoes
density modulation instability and breaks up into a train of shorter pulse with width λp.
parameters, the conditions L > λp and P > Pc can usually be satisfied by operating at
sufficiently high plasma density. Where L is the spatial extent of the laser pulse and Pc is
the critical power for self-focusing. Figure 4.3 shows the self-modulated scheme of laser
wakefield acceleration.
The advantages of the self-modulated LWFA over the standard LWFA are simplicity and
enhanced acceleration. Simplicity in that a matching condition of L ∼ λp, a preformed
density channel and pulse tailoring are not required. Enhanced acceleration is achieved for
several reasons:
1. The SM-LWFA operates at a higher density, hence a larger wake-field will be gener-
ated, since E ∼ √n,
2. The wakefield is resonantly excited by a series of pulses as opposed to a single pulse
as in the standard LWFA, and
3. Relativistic optical guiding allows the modulated pulse structure to propagate for sev-
eral Rayleigh length, thus extending the acceleration distance.
So far, we have seen that when a short laser pulse propagates through an underdense plasma,
a large amplitude plasma wave is excited in the wake of the laser pulse by the ponderomo-
tive force associated with the temporal profile of the pulse. In addition, for loosely focused
pulses (i.e. when kp × w0 ≫ 1), where kp and w0 are the plasma wave-vector and the
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beam size at the waist respectively, only a longitudinal electron plasma wave is generated.
Whereas, in tightly focused geometry (i.e. when kp × w0 ≤ 1), both components of the
ponderomotive force, longitudinal and radial, generates a density perturbation. The ampli-
tude of the wave is maximum when ωp × τ ∼ 1, where τ is the pulse duration and ωp is the
plasma frequency.
4.6 Plasma wave excitation
After gaining the insight of the physical mechanism of plasma wave excitation and par-
ticle acceleration we will now discuss the mathematical derivation of the plasma wave ex-
citation. Let us consider the propagation of a short laser pulse in a preformed underdense
plasma of electron density n0,
E0 = xˆA0e
−(iωt−k0z) (4.3)
A20 = A
2
00e
−(t−z/vg)2/τ2e−r
2/r2
0 (4.4)
Where k0 = (ω0/c)(1 − ω2p/ω20)1/2, vg = c(1 − ω2p/ω20), ω0 is laser frequency and ωp
is the electron plasma frequency. The laser electric field gives an oscillatory velocity to the
plasma electrons, which reads as
v0 =
eE0
mγ0ω0
(4.5)
where γ0 = (1+ a20/2)1/2 is the relativistic factor, a0 = e|E0|/mω0c is the laser strength
parameter, and e and m are the electronic charge and rest mass, respectively. Apart from
giving an oscillatory motion of the plasma electrons, the laser pulse also exerts a pondero-
motive force ( as explained in the previous chapter ) Fp = e∇φp on them, where
φp = −(mc2/e)[(1 + a20)1/2 − 1] (4.6)
This is known as ponderomotive potential. The ponderomotive potential depends on the
laser pulse strength. The ponderomotive force drives a plasma wave of potential φ. In the
limit when the density perturbation due to the plasma wave n ≪ n0, one may write the
equations of motion and continuity in the linearization approximation as
∂v
∂t
=
e
m
∇(φ+ φp) (4.7)
∂n
∂t
+ n0∇ · v = 0 (4.8)
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where v and n are the velocity and density perturbations, respectively. On differentiating
Eq. (4.6) with respect to time, and employing Eq. (4.5) and the Poisson’s equation, ∇2φ =
4πen, one can obtain
∂2φ
∂t2
+ ω2pφ = −ω2pφp (4.9)
Introducing a new set of variables ξ = t− z/vg and η = z, Eq. (4.7) takes the form
∂2φ
∂ξ2
+ ω2pφ =
−ω2peA200
2mω20
e−ξ
2/τ2e−r
2/r2
0 (4.10)
giving
φ =
ω2peA
2
00e
−r2/r2
0
4iωpmω02
[
e−iωpξ
∫ ∞
−∞
eiωpξe−ξ
2/τ2dξ − eiωpξ
∫ ∞
−∞
e−iωpξe−ξ
2/τ2dξ
]
(4.11)
In the wake of the laser pulse, as ξ →∞ the plasma wave potential attains the value
φ =
ωpeA
2
00e
r2/r2
0
2mω20
τ
√
πe−ω
2
pτ
2/4sin(ωpt− kpz), (4.12)
where kp = ωp/vg ≃ ωp/c. The amplitude of the plasma wave maximizes for τ =√
2ω−1p ;
|φ|max = eA
2
00
√
π
2.3mω20
e−r
2/r2
0 (4.13)
which is of the same order as the peak pulse of the ponderomotive potential. One can
notice the dependence of the potential on laser vector potential. Thus, one can see that the
laser pulse can excite an electron plasma wave at its wake whose potential and the corre-
sponding electric field are comparable to that of the wave itself. The transverse electric field
of the laser pulse is used to generated a plasma wave with a longitudinal electric field, which
can potentially accelerate charged particles.
4.7 Electron beam generation: wave-breaking and maxi-
mum accelerating field
So far we have seen that the interaction of a high intensity laser pulse with an underdense
plasma can efficiently create electron plasma waves. In principle, an electron beam provided
by an external source can be injected into an electron plasma wave that can be further accel-
erated by these waves. This was the approach followed worldwide initially. However, in the
self-modulated laser wakefield regime, the plasma waves are excited to such an extent that
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they break and some electrons get separated from the main wave and get accelerated. This
is called self-trapping of electrons by wave-breaking.
In the Sm-LWFA regime, once the amplitude of the plasma wave has exceeded a lim-
iting value, wave-breaking takes place. This wave-breaking occurs when the amplitude of
the electron oscillation becomes longer than the plasma wavelength. Some of the plasma
electrons undergo such large oscillations that the returning force is no longer large enough
to make them continue their longitudinal oscillations. Instead, the electrons can continue
into the next wave bucket and in place of returning force they feel a continued acceleration,
resulting in their trapping with the plasma wave. The trapped electrons continue to be ac-
celerated until their velocity exceeds that of the plasma wave and it out-runs the wave and
get dephased.
Following [71], let us derive a simple formula for wave-breaking and maximum electric
field an electron plasma wave can sustain in a one dimension case. The relativistic one-
dimensional equation for fluid velocity can be written as
∂E
∂x
= 4πe(n0 − n) (4.14)
∂n
∂t
+
∂
∂x
nu = 0 (4.15)(
∂
∂t
+ u
∂
∂x
)
(γmu) = −eE (4.16)
We look for solutions for n(x, t), u(x, t) and E(x, t) that depend on τ = ωp(t − xvp ) Since,
d/dt = ∂/∂t + u∂/∂x, one can write
d
dt
=
∂
∂t
+ u
∂
∂x
(4.17)
=
∂τ
∂t
∂
∂τ
+ u
∂τ
∂x
∂
∂τ
(4.18)
= ωp
∂
∂τ
− ωp u
vp
∂
∂τ
(4.19)
This implies that
∂
∂t
= ωp
∂
∂τ
(4.20)
∂
∂x
= −ωp
vp
∂
∂τ
(4.21)
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Therefore, one can now write equation 4.15 as
ωp
∂n
∂τ
− ωp
vp
∂
∂τ
(nu) = 0 (4.22)
or,
∂n
∂τ
− 1
vp
∂
∂τ
(nu) = 0 (4.23)
⇒ n− 1
vp
nu = n0 (4.24)
or,
n =
n0
1− β
βp
(4.25)
where, n0 is the initial unperturbed density, β = u/c and βp = vp/c. Thus, the above
equation implies that the density becomes very large in a region where the fluid velocity
approaches the phase velocity. When fluid velocity becomes equal to the phase velocity
there exist a singularity and the density goes to infinity. This is the point where the wave no
longer can grow and breaks down. This condition is called wave-breaking.
Further, one can write equation 4.16 as(
ωp
∂
∂τ
− uωp
vp
∂
∂τ
)
(γmu) = −eE (4.26)
or, ωpm
(
∂(γu)
∂τ
− 1
vp
u
∂
∂τ
(γu)
)
= −eE (4.27)
on further simplification, one can arrive at
1(
1− β
βp
) ∂
∂τ
(γβ) = −Eˆ (4.28)
where, Eˆ = eE
mωpc
.
Now equation 4.14 can be written as
− ωp
vp
∂
∂τ
E = −4πe(n0 − n) (4.29)
or,
∂E
∂τ
=
4π
ωp
vpe(n0 − n) (4.30)
The above equation can be cast in a more compact way as follows,
∂E
∂τ
=
(
4πn0e
2
m
)(
vp
ωp
)(
1− n
n0
)
m
e
(4.31)
=
ωpmc
e
(vp
c
)(
1− n
n0
)
(4.32)
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From equation 4.32 and the definition of Eˆ, one can arrive at
∂Eˆ
∂τ
=
β
1− β
βp
(4.33)
Now from equation 4.28 and 4.33, we have
Eˆ
∂Eˆ
∂τ
= −β∂(γβ)
∂τ
(4.34)
Since β = u/c and γ = 1/
√
1− β2, we can write
1
2
∂
∂τ
(Eˆ) = −∂γ
∂τ
(4.35)
or,
∂
∂τ
(
Eˆ
2
+ γ
)
= 0 (4.36)
or, Eˆ =
√
2 (γm − γ) (4.37)
where γm is a constant and is equal to γp, the factor at which wave breaking takes place. On
substituting the value of Eˆ, we have
E =
mωpc
e
√
2 (γp − γ) (4.38)
When E = Emax, γ = 1 as v → 0.
Thus, finally we have
Emax =
mωpc
e
√
2 (γp − 1) (4.39)
The above equation gives the maximum value of the electric field the wave can sustain
before wave breaking.
4.8 Dephasing length and maximum energy gain
As discussed in earlier sections, an electron can gain energy as long as it is in phase with
the plasma wave. Once the electron runs-out of phase it starts decelerating and loosing en-
ergy. The time during which the phase slippage takes place between electron and Langmuir
wave is given by
T
2
=
L
vg
− L
c
(4.40)
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where T is the period of the plasma wave, L is the acceleration distance, vg is the group
velocity of the laser pulse and c is the speed of light.
Using
vg = c
(
1− ω
2
p
ω2
)
and T =
2π
ωp
(4.41)
and solving the above equation, we have
Lmax =
2cπω2
ω3p
(4.42)
This gives the maximum acceleration length and is also known as the dephasing length.
Thus, the maximum energy gain by the electron is given as
△ w = eEmaxLmax (4.43)
4.9 Blow off acceleration regime
At high laser intensity, PIC simulations reveal the formation of an electron evacuated
ion bubble at the rear of the laser pulse and generation of mono-energetic electrons. The
electrons are seen to pile up at the bubble boundary and surge towards the stagnation point. It
is a three dimensional phenomena where axial and radial ponderomotive force and the space
charge field play key roles. However, significant insight can be gained by one dimensional
model also.
4.9.1 Electron acceleration by the ion bubble
A nonlinear theory of relativistic plasma wake field in the blow off regime has been
proposed by Lu et. al. [93]. In a frame moving with the laser pulse, the ion bubble is sta-
tionary. The plasma electrons far ahead of the laser pulse approach the laser with large axial
velocity −zˆvg. As they are retarded by the axial ponderomotive force and pushed radially
away by the radial ponderomotive force, their density increases at the bubble boundary and
they surge towards the stagnation point from all transverse direction. Initially, the surging
electrons cross the stagnation point with finite velocity (with respect to the moving frame).
However, as the pile size grows, the velocity of surging electrons decreases. When the pile
acquires a critical size, wave breaking injects electrons in pile into the ion bubble and the
subsequent acceleration by plasma wave and the ion space charge field, produces mono-
energetic electrons.
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Figure 4.4: An example of the Particle-in-cell simulation showing the formation of an ”ion-
bubble”. A laser pulse of energy 5 J, 30 fs is focused to a spot size of diameter 18 µm in
a pre-formed plasma. After propagating nearly 250µm a region void of electrons is clearly
visible in the figure. The side bar represent the electron density normalised by critical den-
sity. The result is obtained with PSC code.
An estimate of the ion bubble radius R can be obtained by equating the ponderomotive
force to the space charge force at the bubble boundary (in the region where ion bubble and
laser pulse overlap), one obtains
mc2
e
[(
1 +
a2
2
)1/2
− 1
]
=
4π
3
nieR
2 (4.44)
giving
R =
√
3
(
c
ωp
)[(
1 +
a2
2
)1/2
− 1
]
(4.45)
At large intensities a≫ 1, R scales as a1/2. For a ≃ 6, R ≃ 3.3c/ωp.
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The critical size rc of the electron pile at the stagnation point is the one for which the
potential energy of electrons at the pile surface equals their initial kinetic energy (at the
bubble boundary just after emerging from the laser pulse). Thus,
4π
3
r2cn0e
2 = mc2(γin − 1), (4.46)
or,
rc ≈
(
c
ωp
)(
n0
nc
)1/2
(4.47)
where γin is the initial Lorentz factor.
The electrons reaching the stagnation point with zero speed are pulled axially by the
bubble space charge. The electric field at distance z’ from the center of the ion bubble is
ε′ =
∫ R
0
eEzdz
′ = γg
mc2
6
(
Rωp
c
)2
(4.48)
where γg =
(
1− v2g/c2
)−1/2
. In the laboratory frame the electron energy turns out to be
ε = γmc2 (4.49)
where
γ = γg

1 + γg
6
(
Rωp
c
)2
+
γg
c
√√√√{1 + γg
6
(
Rωp
c
)2}2
− 1

 (4.50)
The acceleration energy is sensitive to the bubble radius. If one employs R = 3.3c/ωp
as estimated above for a ≈ 6 and ωp/ω = 0.1, one obtains ε ≃ 180MeV .
Part III
Ionization of gases with intense laser
pulses
CHAPTER 5
Numerical modelling on ionization
5.1 Outline
This thesis is concerned to laser pulse propagation in underdense plasmas and its fun-
damental studies. The work in this direction was started with a numerical study of the
ionization process. The process of ionization and plasma evolution is of significant im-
portance not only from a theoretical but also from an experimental point of view. Laser
pulses of intensities≥ 1018Wcm−2 are now routinely available in laboratories. Such inten-
sities can be achieved by spatially focusing high energy and temporally short light pulses.
Consequently, the interaction of intense laser pulses with the target invariably experiences
significant spatial and temporal variations in the laser intensity. Different intensity intervals
occupy different volumes within the laser-target interaction zone, with lower intensity oc-
cupying much larger volume compared to the spatial region over which the peak intensity
acts. Thus, ionization is a kind of integrated effect of local intensity and volume.
The response of individual atoms to intense short laser pulses is described in section
5.2. In Section 5.3 critical ionizing field and ionization probability is discussed. In section
5.4 the ionization model used in this thesis to determine the electron density distribution
is described. Finally, in section 5.5 the pre-pulse effect on the ionization process in our
experimental condition is discussed.
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5.2 Atomic processes in intense laser fields
The interaction of electromagnetic waves with matter is one of the most attractive field
of research. Before the invention of lasers, the intensity of the available light sources was
weak enough so that the atomic binding potential almost remained undisturbed by the exter-
nally applied field and the perturbation theory was sufficient to describe its interaction with
matter. Based on this theory, conventional spectroscopy has long been used to study the
material structure because weak fields will drive the transitions between atomic/molecular
states without much distortion of the material itself. The well known photoelectric effect is
observed only if the photon energy is above the ionization threshold, and the effect is inde-
pendent of light intensity. However, after the invention of lasers it was possible to achieve
higher intensity. Non-linear optical effects were discovered so that electrons can absorb
more than one photon during the transition. New phenomena such as second harmonic gen-
eration emerged and found very important applications. An important milestone in atomic
physics was reached with the development of solid state lasers delivering very short pulses
and the application of the chirped-pulse amplification technique to these short pulses. When
these short and intense laser pulses interact with matter many new phenomena appeared.
It become possible to ionize the matter, even with photon energy much smaller than the
ionization energy, by absorption of a large number of photons. Another example is higher
harmonic generation, the emission of photons observed at frequencies that are multiple of
laser frequencies. As the pulse length gets shorter, the motion of the electrons is not due to
the accumulation of many cycles of the electric field but is controlled by few cycle of oscil-
lations. At these high external fields an important question arises: How the potential well
looks like to an electron under the action of an intense laser field ? Figure 5.1 illustrates the
physical appearance of the atomic potential depending on the strength of the applied field.
To understand well the interaction of an atom with an externally applied field, one needs to
know the atomic properties and how the atom responds to these applied fields.
The atom has a structure with well defined characteristic properties. These properties can
serve as a baseline to understand what happens when an atom comes under the influence of
an electromagnetic wave with a given field amplitude. The size of an atom is of the order
of the Bohr radius (a0) and the classical orbiting angular frequency of the electron can be
defined as ωat = Ipℏ , where Ip is the ionization potential. The atomic electric field can read
as Eat =
e
4πǫ0
1
a2
, with the corresponding field intensity Iat = 12cǫ0E
2
at. For the hydrogen
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atom the electron will go around the core 3 × 1015 times in one second. Eat is equal to
5.4× 109V/cm and Iat is 3.5× 1016Wcm−2. For the present days solid-state laser pulses in
the infra-red region the wavelength is about 800 nm. The pulse length can be so short that it
only contains a few cycles of the electric field oscillations. The intensity of the laser pulse
can be so high that at the peak of the laser pulse, the electric field strength is comparable to
the atomic electric field strength. A thumb-rule in this context is
E(V cm−1) ∼ 27.4
√
I(Wcm−2) (5.1)
where E is the electric field of the laser and I is the corresponding intensity. At an intensity
of 1015Wcm−2, the electric field is comparable to the atomic field and the electron will be
easily set free and then driven by the electric field. In fact, it is just not the intensity or peak
electric field which drives the mechanism of ionization but the pulse frequency and duration
are also very important parameters. The dynamics of the electron could be very complicated
and it is important to understand how the atom get ionized.
Conventionally, ionization can be classified into two regimes: tunnelling and multi-
photon ionization [94]. If the photon energy is much smaller than the ionization potential
and the peak electric field strength of the laser approaches the atomic electric field strength
then the electron will have significant probability of tunnelling through the potential barrier.
Keldysh defined a parameter [95] to characterize this region as the ratio of laser frequency
ωL to the tunnelling frequency ωt:
γ =
ωL
ωt
= ωL
√
2Ip
E0
(5.2)
where ωt = E0√
2Ip
, Ip is the ionization potential and E0 is the maximum electric field of the
laser; ω−1t is the tunneling time, i.e., the time the electron spends under the barrier. We see
from above formula that the requirement that the Keldysh parameter be small is fulfilled
when the intensity is high and the frequency is low, precisely the parameter range of present
day laser systems. The Keldysh parameter, γ, can also be defined as
γ =
√
Ip
2Up
(5.3)
whereUp = e
2E2
0
4meω2L
is the ponderomotive potential as described in previous chapters. When γ
is significantly less than unity then the ionization is mainly due to tunnelling. This tunnelling
ionization is based on a static point of view of the system. In this case the energy of the
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Figure 5.1: Schematic representation of the atomic potential in different intensity regimes. Fig.(a)
shows the multi-photon ionization corresponding to an intensity regime of 1013 − 1014Wcm−2,
fig.(b) shows tunneling ionization corresponding to an intensity regime of 1014 − 1017Wcm−2 and
fig.(c) shows over-the-barrier ionization corresponding to an intensity regime of ≥ 1017Wcm−2.
electron does not change significantly from the ground state energy but the energy level
is broadened, so that the electron has a finite probability to tunnel through the potential
barrier set up by the Coulomb potential and the electric field of the laser. One can better
understand this point in simple words that the requirement for the validity of the tunneling
model for an oscillating field is that the width of the barrier does not change during the time
the electron spends traversing it, i.e., the electron adiabatically follows the changes in the
external field. After tunnelling the electron will appear in the continuum with zero kinetic
energy and thereafter oscillates in the electric field of the laser. When Keldysh parameter is
greater than one and the laser frequency is comparable to the electron orbiting frequency the
ionization is due to multi-photon absorption. Since the light frequency is now comparable
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Figure 5.2: Keldysh parameter as a function of the laser intensity for He and N2 atoms. Depending
on the atomic species and intensity, either multi-photon or tunneling ionization occurs.
to the electrons orbiting frequency, as soon as the electron tries to escape from the distorted
atomic potential the polarity of the oscillating field gets changed and once again the potential
raises at that side. But the high photon flux density makes multi-photon ionization possible.
In multi-photon ionization, the ionization process is induced if many photons are ab-
sorbed simultaneously. This ionization process indeed is based on the existence of short
living virtual electronic states having life time of the order given by time-energy uncertainty
principle, ∆E · ∆t ≥ ℏ, where ∆E = ℏω is the energy spacing between the two virtual
levels and ∆t is the life time of these levels. An electron which is excited to such a virtual
state by absorbing a photon, has to absorb the next photon within a time of the order of the
life-time of the virtual states. That is why the radiation field must be associated with a large
photon density to ensure a non-zero probability of multi-photon ionization.
At very high intensities, ionization has been further classified and it is said that at in-
tensities higher than the tunnel ionization intensity threshold, over the barrier ionization
mechanism dominates [96, 97]. In such high fields, the barrier can be suppressed so dras-
tically that the electron no longer finds any potential to overcome and escapes from the
atomic field. This is shown in Fig.5.1(c). This process is called over-the-barrier ionization.
It is important to note that this process can take place only if the laser pulse is short enough,
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otherwise the atom will get ionized by multiphoton or tunnelling process on the rising edge
of the laser pulse before the field becomes strong enough for over-the-barrier ionization.
5.3 Critical field and ionization probability
A simple classical picture of ionization of an atom under an intense field was given in
1977 by Bethe and Saltpeter [98], in which the Coulomb potential is modified by a station-
ary, homogeneous external electric field as
v(x) = −Ze
2
x
− eEextx (5.4)
where eEext is the force due to the external applied field. One can see that the Coulomb
barrier is now suppressed and for x ≫ xmax, where xmax is the position of the barrier
after which the electron can tunnel through the potential well, is lower than the binding
energy of the electron. The field at which the Coulomb barrier coincides with the energy
level occupied by the electron under consideration is known as critical field. Neglecting the
Stark effects, the critical field can be calculated as follows. The position of the barrier can
be found by differentiating equation (5.4) w.r.t x and equating to zero.
∂v(x)
∂x
= 0 (5.5)
Ze2
x2
− eEext = 0 (5.6)
⇒ xmax =
√
Ze
Eext
(5.7)
substituting v(xmax) = Eion, one can obtain the threshold field strength at which ionization
occurs as
Ec =
E2ion
4Ze3
(5.8)
and the corresponding critical intensity reads as
Ic =
cε0
2
E2c =
cε0E
4
ion
32Z2e6
(5.9)
or, in a more convenient form
Ic = 4× 109
(
Eion
eV
)4
Z−2Wcm−2 (5.10)
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As a simplest example, for the hydrogen atom (Z = 1)
EionH = 13.6eV (5.11)
where, aB is the Bohr radius. Thus, the critical electric field is
Ec =
E2ionH
4e3
=
e
16πǫ0a2B
(5.12)
and hence, the critical intensity for ionization is≃ 1.4×1014Wcm−2. This simple analytical
model by Bethe serves as a thumb rule to predict when a target will start to ionize. Once the
critical field is reached, the ionization probability is very close to unity.
If the external applied electric field is less than the critical field (Ec) for ionization of an
atom, ionization occurs via tunneling through the barrier formed by the atomic potential and
by the maximum instantaneous field, provided that the time taken for the electron to pass
through the barrier (tunneling time) is short compared to the cycle time. In this situation the
oscillating field is effectively a static field of strength E while tunneling occurs. One should
take care of the fact that tunneling time is not the ionization time. Indeed, if E is well below
Ec the probability for tunneling during one cycle is exponentially small and although the
photoelectron tunnels out at a particular phase of the cycle, the ionization time is very much
longer than the tunneling time [99]. A prominent expression for calculating the ionization
rate (i.e. tunneling probability per unit time) in a static electric field E is given by Landau
and Lifschitz as
WQS(t) = 4
(2Ip)
5/2
E(t)
exp
(
−2 (2Ip)
3/2
3E(t)
)
(5.13)
where Ip is the ionization potential of the atom, E(t) is the laser electric field and suffix
QS stands for quasi-static. The ionization rate has a highly non-linear dependence on the
instantaneous value of the electric field. At the zero-crossing of the oscillating laser field,
no potential barrier is created, hence the ionization is zero.
The other important ionization rate is the Ammosov-Delone-Krainov (ADK) rate, ap-
plicable to tunneling ionization in complex atoms. The initial state is characterized by the
quantum numbers n∗, l∗ and m. The ADK ionization rate is given as
WADK = IpCn∗l∗f(l,m)exp
(
−2(2Ip)
3/2
3E0
)(
2(2Ip)
3/2
E0
)2n∗−|m|−1(
3E0
π(2Ip)3/2
)1/2
(5.14)
where
Cn∗l∗ =
22n
∗
n∗Γ(n∗ + l∗ + 1)Γ(n∗ − l∗) (5.15)
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and
f(l,m) =
(2l + 1)(l + |m|)!
2|m||m|!(l − |m|)! (5.16)
n∗ = Z√
2Eb
and l∗ = n∗ − 1 are the effective principal and angular quantum numbers
respectively and m is the magnetic quantum number. The factor
(
3E0
π(2Eb)3/2
)1/2
appears
from averaging over a period of the field, while
(
2(2Eb)
3/2
E0
)2n∗−|m|−1
takes into account the
corrections for the Coulomb potential. In the derivation of ADK rate, a time average over
one laser cycle is performed. However, in strong and rapidly rising laser pulses the absolute
phase become important. A more accurate approach where the absolute time dependence
was kept during the entire derivation of the ionization rate was proposed by Yudin and
Ivanov [100]. They proposed an analytical expression for instantaneous ionization rates for
arbitrary γ. Their analysis allows to explicitly distinguish between tunneling and multi-
photon contribution to the total ionization probability. In the tunneling limit (γ < 1) the
ionization reproduces the quasi-static limit, while in the multi-photon limit (γ > 1) the
ionization probability no longer depends on the instantaneous value of the electric field. In
particular, non-zero ionization probability is predicted even at the zero-crossing of the laser
field. However, any tunneling ionization theory fails at higher intensities, simply because
electron has no longer any barrier to overcome. Different approaches are then necessary
to calculate the ionization rate, the most fundamental being numerical integration of the
time-dependent Schrodinger equation.
5.4 Ionization model
Present days investigation of intense laser-plasma interaction studies rely extensively on
numerical calculations due to the non-linearities and geometries involved in the problems.
In this thesis a quantitaive evaluation of the degree of ionization for atomic species has been
carried out using a numerical simulation based on a tunnel ionization model proposed by
Yudin and Ivanov [100]. According to this model the rate of ionization of an atomic species
is given as follows:
Γ = N(t)exp
[
−
(
E20f
2(t)
ω3L
φ(γ, θ)
)]
(5.17)
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where E0 is the laser electric field amplitude, f(t) is the pulse envolope and ωL is the laser
angular frequency and
φ(γ, θ) =
(
γ2 + sin2 θ +
1
2
)
ln c− 3
√
b− a
2
√
2
sin |θ| −
√
b+ a
2
√
2
γ (5.18)
where
a = 1 + γ2 − sin2 θ
b =
√
a2 + 4γ2 sin2 θ
c =
√√√√(√b+ a
2
+ γ
)2
+
(√
b− a
2
+ sin |θ|
)2
θ = ωLt
γ =
√
Ip
2Up
Up =
e2E20
4meω
2
L
(5.19)
γ is the Keldysh parameter, Ip is ionization potential, Up is average energy of electron oscil-
lations in the laser field and θ is the phase of the laser field. The pre-exponential factor N(t)
reads as
N(t) = An∗,l∗Bl,|m|
(
3κ
γ3
) 1
2
CIp
(
2(2Ip)
3
2
Ef(t)
)2n∗−|m|−1
(5.20)
where, A and B are depends on quantum numbers in exactly the same way as C and f
depends in the case of ADK formula, and
κ = ln
(
γ +
√
γ2 + 1
)
− γ√
γ2 + 1
C =
(
1 + γ2
) |m|
2
+
3
4
Am(ωL, γ)
for γ ≪ 1, C = 1. For γ ≫ 1 and m = 0, one has A0 ≈ 1.2γ2 and C ≈ 1.2γ . The ionization
rate has a non-linear dependence on the instantaneous electric field. The exponential factor
gives the strongest dependence on the electric field while the pre-exponential factor includes
dependence on the initial state which is defined by its quantum numbers.
The numerical approach in the code, developed during this work, is based on a finite
difference scheme. The code starts with setting up of laser and gas parameters, conversion
into atomic units and proper initialization. In the code, a laser pulse of guassian profile in
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Figure 5.3: Intensity distribution of the Gaussian pulse used in the simulation. The side bar repre-
sents the intensity in Wcm−2.
time and space was focused at the center of a step like uniform density profile of neutral
gas medium. A co-moving time window is activated so that the gaseous medium appears to
move to the left, while the laser pulse appears stationary. Since, the work done in this thesis
is concerned with experiments in femtosecond time domain, any kind of recombination
(which develops in the time of the order of ps) is not taken into account in the numerical
calculations. The intensity profile of the guassian beam is given as
I = I0
(
w20
w(z)2
)
exp
[
−2
(
r2
w(z)2
+
t2
σ2
)]
(5.21)
In three dimensional space, for such a Gaussian laser pulse the iso-intensity shells will be
pea-nut shaped. For convenience Fig.5.3 shows the spatial distribution of the intensity of
the laser pulse with parameters given in table 5.1.
Simulations were performed for helium and nitrogen gases. The input laser parameters
in the code are described in table 5.1.The population of electrons can be computed from
rate equation. If any kind of recombination between electrons and ions is ignored the rate
equation is given by:
dni
dt
= Γini−1 − Γi+1ni (5.22)
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Laser Pulse Parameter Value
Type Ti:Sapphire
Wavelength 800 nm
Pulse duration 65 fs
Pulse energy < 120 mJ
Max. power up to 2 TW
Spot size radius 5µm
Pulse intensity 1.95× 1018Wcm−2
a0 0.95
M2 parameter 2.5
Rayleigh length 43.6µm
Table 5.1: Input laser parameters for numerical calculations
The first term represents creation of ions with charge state Z from ions with charge Z-1; the
second term depletion of the same ion due to further ionization. The rates Γi for each ion
can be calculated from equation 5.17. For instance in case of helium, numerically this is
done by solving two coupled equations:
dn1
dt
= Γ1n0 − Γ2n1
dn2
dt
= Γ2n1 (5.23)
Where n0, n1 and n2 represents neutral He gas, He+ ions and He2+ ions respectively. If ρ0
is the total amount of the gas present before ionization, then
n0 + n1 + n2 = ρ0 (5.24)
The difference equation corresponding to equation 5.23 is simply:
ni+11 = n
i
1 +∆t(n
i
0Γ
i − ni1Γi+1)
ni+12 = n
i
2 +∆tn
i
1Γ
i+1 (5.25)
Finally, the total number of electrons is give by:
ne = n1 + 2n2 (5.26)
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Atom +1 +2 +3 +4 +5 +6 +7
N2 14.53 eV 29.60 eV 47.45 eV 77.48 eV 97.89 eV 552.1 eV 667.1 eV
He 24.59 eV 54.42 eV – – – – –
Table 5.2: Ionization potential of helium and nitrogen
(a) (b)
Figure 5.4: Ionization map of Helium at different positions with respect to the best focus (zero
position on the horizontal scale). (a) Ionization map at three Rayleigh lengths before the best focus.
(b) Ionization map at two Rayleigh lengths before the best focus. The pulse is propagating from left
to right. The side bar represents degree of ionization.
Equation 5.23 can be generalized for higher atomic number elements to calculate the
electron density from individual ionization state in an iterative manner. Finally, total elec-
tron density was computed by properly summing up contribution from each ionized states.
Suitable numerical check has been introduced in between the code to avoid any kind of
abnormal divergence in the numerical results.
The ionization profiles are calculated for different positions of the laser pulse with re-
spect to the beam waist. The degree of ionization is calculated for the front of the laser pulse.
Figure 5.4 and 5.5 show the ionization profile in the case of helium gas, for four different
positions relative to the beam waist. The pulse propagates from left to right. Figure 5.4(a)
shows the ionization profile when the pulse is located at three Rayleigh lengths before the
beam waist. Figure 5.4(b) shows the ionization profile when the pulse is at two Rayleigh
lengths before the beam waist. Figure 5.5(a) shows the ionization profile when the pulse is
at one Rayleigh length before the waist and finally Figure 5.5(b) shows the ionization profile
at the beam waist. The graph shows that full ionization in case of helium gas occurs well
before the pulse enters the best focal region. Full ionization remains confined to a small
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(a) (b)
Figure 5.5: Ionization map of Helium at different positions with respect to the best focus (zero
position on the horizontal scale). (a) Ionization map at one Rayleigh length before the best focus. (b)
Ionization map at the best focus. The pulse is propagating from left to right. The side bar represents
degree of ionization.
(a) (b)
Figure 5.6: Ionization map of Nitrogen at different positions with respect to the best focus (zero
position on the horizontal scale). (a) Ionization map at three Rayleigh lengths before the best focus.
(b) Ionization map at two Rayleigh lengths before the best focus. The pulse is propagating from left
to right. The side bar represents degree of ionization.
volume and most of the available volume is mainly accompanied by partial ionization of the
medium. Similarly, the degree of ionization is calculated for nitrogen gas. Figure 5.6 and
5.7 show the ionization profile in case of nitrogen gas at different position with respect to
the beam waist. Figure 5.6(a) shows the ionization profile when the pulse is located at three
Rayleigh lengths before the best focus. Figure 5.6(b) shows the ionization profile when the
pulse is at two Rayleigh lengths before the the beam waist. Figure 5.7(a) shows the ion-
ization profile when the pulse is at one Rayleigh length before the beam waist and finally
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(a) (b)
Figure 5.7: Ionization map of Nitrogen at different positions with respect to the best focus (zero
position on the horizontal scale). (a) Ionization map at one Rayleigh lengths before the best focus.
(b) Ionization map at the best focus. The pulse is propagating from left to right. The side bar
represents degree of ionization.
Figure 5.7(b) shows the ionization profile at the beam waist. These calculations show that
ionization of nitrogen is very much different from that occurring in helium, where full ion-
ization is easily achieved even before the best focus position. Ionization potential of helium
and nitrogen gas are summarized in table 5.2. In our experimental conditions 6th and 7th
ionization state of nitrogen gas is difficult to achieve. However, if the interaction process
enter a non-linear self-focusing regime further ionization of the nitrogen gas is possible. To
investigate this behaviour self-consistent electromagnetic wave propagation code including
ionization of the medium is essential. Such codes are highly specialised and need massive
computing facility. This is beyond the scope of the present work.
5.5 Prepulse effect on laser pulse propagation in gases
The propagation of an ultrashort laser pulse in the plasma can be affected by the light
reaching the target before the main pulse. The ultrashort pulses are generally amplified by
the chirped pulse amplification (CPA) technique. At the output of the CPA laser, the main
intense femtosecond pulse is accompanied by a nanosecond pedestal due to amplified spon-
taneous emission and a picosecond pedestal due to the unavoidable limit in the compression
of the chirped pulse. They create a low density plasma before the arrival of the main pulse.
It is therefore important to evaluate the effect of this precursor pulse on the gas in the focal
region.
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Figure 5.8: Intensity profile of the main pulse associating a low contrast ps pedestal.
There are several issues connected with the pre-plasma formation by the pre-pulse. Rel-
evant aspects of ultrashort intense laser pulse propagation include early breakdown of the
gas due to precursors of the main laser pulse [101] and ionization dominated regime of in-
teraction [102] suitable for stable propagation. Normally, many picosecond before the main
pulse the intensity contrast between the main and pre laser pulse is very high and the plasma
formed by the pre pulse is negligible. On the other hand, for the time less than few tens
of picosecond the contrast level is not high enough to prevent premature plasma formation
and it is therefore important to know the effect of the pedestal pulse on the gas medium.
We modelled this case for Helium gas, taking a simplified laser intensity profile as plotted
in Figure 5.8. The numerical calculation were performed for three different contrast levels
of picosecond pedestal. Figure 5.9 shows the result of the calculation. In Figure 5.9(a) it
is observed that for a contrast level of 1.5 × 103 early breakdown of the gas medium starts
by the picosecond pedestal at the best focal spot before the arrival of the main laser pulse.
A narrow channel of partial ionization along the axis of the propagation of the laser pulse
is formed. For a contrast level of 3.1 × 103 a small volume of the medium is ionized by
the pre-pulse around the best focal position. Whereas, for picosecond pedestal contrast of
1.5×104Wcm−2, Figure 5.9(b) shows that there is no pre-formed plasma and the interaction
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(a)
(b)
(c)
Figure 5.9: Propagation of a femtosecond laser pulse, accompanied by a picosecond (ps) pedestal,
in Helium gas. Figure shows the ionization induced by the pre-pulse before the arrival of main laser
pulse. (a) The contrast level between the main and ps pedestal is 1.5 × 103. (b) The contrast level
between the main and ps pedestal is 3.1 × 103. (c) The contrast level between the main and ps
pedestal is 1.5×104. No pre plasma formed for contrast ratio ≥ 1.5×104 . The pulse is propagating
from left to right. The side bar represents degree of ionization.
can be characterized as a clean interaction of the main laser pulse with neutral gas medium.
5.6 Conclusion
In this chapter numerical work concerning the ionization of the neutral gas medium by
the incident laser pulse is presented. The distribution of electron density within different
volume interval and at different positions before the pulse could reach the best focus is
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estimated quantitatively. The effect of the pre-pulse at different levels of contrast ratio is
calculated. The knowledge of the plasma formation by the pre-pulse is very useful from an
experimental point of view. If controlled in a proper way, pre-plasma may help the stable
propagation of the main laser pulse by forming a channel or cavity. This may also act as
a spatial filter for the main pulse as demonstrated experimentally by Giulietti et al. [101].
Hosokai et al. [103] studied experimentally the effect of the laser pre-pulse on the injection
and acceleration process showing that the acceleration depends strongly on the laser pre-
pulse parameters. It has also been observed that the magnetized pre-plasma can potentially
affect the emittance and total charge of the accelerated electron bunch [104]. Generally,
the effect of the pre-pulse is more significant with very high power laser system where the
intensity at the focus exceeds 1018Wcm−2 value. The pre-pulse can spoil or enhance the
propagation of the main pulse depending on the nature and time scale of the contrast level.
The ionization dynamics is partially responsible for the scattering of electromagnetic waves
in plasmas. In view of all the above mentioned physical processes it is useful to have a
knowledge of the ionization of the medium under the influence of incident laser fields.
Part IV
Experimental description and discussion:
Part I
CHAPTER 6
Electron acceleration with a moderate
power laser system
6.1 Outline
This chapter describes the initial experiment on electron acceleration using the 2 TW
Ti:Sapphire laser system at ILIL laboratory in National Institute of Optics (INO), CNR,
Pisa. A complete description of the experimental set-up and diagnostics is given. The main
objective of the experiment was to study the propagation of the laser pulse in different gases
in order to search for suitable conditions for electron acceleration. For this purpose time
resolved interferometry was used to study and control the evolution of the electron den-
sity. Thomson scattering and γ-ray detection were used to optimize the laser gas interaction
conditions and magnetic spectrometer was used to characterize the energy spectrum of the
electron bunches that were finally generated in laser plasma interaction.
In Section 6.2 a brief description of the laser system used in the experiment is given.
Section 6.3 gives an overview of the experimental set-up. In Section 6.4 all the diagnostics
used in the experiment are described. In section 6.5 experimental results are presented and
discussed. Finally, in section 6.6 Particle-In-Cell simulations used as a tool to analyse the
laser-plasma interaction are discussed.
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Figure 6.1: Schematic of the CPA system at the Intense Laser Irradiation Laboratory.
6.2 The Ti:Sapphire laser system at Intense Laser Irradi-
ation Laboratory
For our experiment, we have used a Ti:Sapphire laser system designed to deliver ultra
short pulses with a 10 Hz repetition rate. It is based on the ”Chirped Pulse Amplification”
scheme and consists of an oscillator, pulse stretcher, a regenerative amplifier pumped by a
frequency doubled Nd:YAG laser, a multi-pass pre-amplifier, another multi-pass amplifier
and a pulse compressor. To amplify ultra-short pulses at 800 nm, titanium-sapphire crystals
are used. Such crystals absorb energy from a pump laser emitting at 532 nm (green emission)
and emit broad band spectrum from 750 to 850 nm. A schematic view of the entire system
is shown in figure 6.1.
A femtosecond oscillator (Spectra Physics, Tsunami), generates fs pulses at a very high
repetition rate (82 MHz). The pulses produced in such an oscillator have only a few nano-
joule of energy per pulse. In order to amplify the laser pulses up to hundreds of mJ level,
chirped pulse amplification technique is used to ramp up the energy without damaging the
optical components. Chirping refers to the temporal stretching of the laser pulses. This
stretching is achieved by use of diffraction gratings. A simple grating stretcher introduces a
positive chrip i.e. the components with lower frequencies leave the stretcher earlier than the
high-frequency components. The following is a basic outline of the amplification process
employed:
1. Pulses are generated in the oscillator with energy greater than 4 nJ, at a frequency of
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82 MHz, and pulse duration less than 50 fs.
2. Diffraction gratings are used to temporally stretch each pulse up to more than 200 ps.
This step decreases the beam intensity ensuring that no optical damage occurs during
amplification.
3. From the train of stretched pulses, a pulse selector (utilizing a Pockel cell) selects a
single pulse and send it in the regenerative amplifier. This increases the beam energy
up to 3 mJ level.
4. The stretched pulses are further amplified by a two-pass amplifier pumped by another,
frequency doubled, Nd:YAG laser.
5. The output pulse, containing an energy of amproximately 15 mJ, is then split in two
pulses containing 90% and 10% of the initial energy respectively.
6. The 90 percent pulse is expanded to a 7 mm diameter and compressed using a single
grating (folded) compressor to obtain a final pulse duration of less than 65 fs.
7. The remaining 10 percent pulse is further amplified by a 6-pass bow-tie type amplifier
(pumped by a frequency doubled Nd:YAG laser delivering 1 J pulses at 532 nm). This
amplification stage uses a 2 cm diameter Ti:Sa crystal bringing the final energy up to
120 mJ.
8. The laser pulses are expanded spatially to a 33 mm diameter beam and compressed
in time by a two grating placed under vacuum. The pulses with a final pulse duration
of 65 fs and are then transported under vacuum into the target chamber via two beam
steering, motorised turning mirrors, placed in two separate small vacuum chambers.
The final power of the pulse at the target is about 2 TW.
6.3 Experimental set-up
The experiment was carried out at the ILIL laboratory using the 2 TW Ti:Sapphire laser
system. In the experiment, a small part of the main pulse is split, doubled in frequency (us-
ing a BBO crystal) and used as a probe pulse for interferometry. The main laser pulse was
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Parameters Value
Type Ti:Sapphire
Wavelength 800 nm
Pulse Duration ∼ 65 fs
Max. Energy < 120 mJ
Max. Power up to 2 TW
Focusing Optics F/6 OAP
Table 6.1: Summary of laser system at ILIL
Figure 6.2: Experimental set up scheme. Left side: The main laser beam, probe line and the
diagnostics arrangement is shown. Right side: Schematic of Thomson Scattering diagnostic.
focused down to a 10µm spot diameter using an F/6 off axis parabolic mirror. The exper-
imental set up is illustrated in Figure 6.2. The experiment was mainly devoted to optimise
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conditions for electron acceleration by varying the gas density and laser pulse duration. The
gas density was controlled by changing the backing pressure of the nozzle of the gas jet,
while the pulse duration required a tuning of the gratings. By scanning the position of the
best focus into the gas-jet the optimal conditions for electron acceleration are found. The
probe laser pulse was used for Nomarsky modified interferomentry [105], to obtain electron
density evolution. Thomson scattering diagnostic, consisting of an imaging system for the
scattering region and a spectrometer, was set to retrieve information on the laser propaga-
tion. A phosphor screen (LANEX), placed along the laser propagation axis, was used to
detect the accelerated electron bunch. The detailed description of all the diagnostics will be
presented in subsequent sections.
6.4 Diagnostics
In our experiment four main diagnostics were employed to monitor the laser-gas in-
teraction. These include Thomson scattering, interferometry, scintillators coupled to photo-
multipliers and phosphor screen. Thomson scattering diagnostic is useful to investigate laser
pulse propagation in plasma and interferometry gives the time evolution of the plasma den-
sity. A set of scintillators was used to detect the γ-ray production, which is strictly linked to
electron generation. The phosphor screen (Lanex) was used to detect the electron signals.
It also gives the spatial profile of the electron bunch. Finally, the electron bunch energy
spectrum was measured using a magnetic spectrometer.
6.4.1 Gas-jet target
Generally, pulsed gas targets are used for laser plasma acceleration experiments. In
our experiment a commercially available supersonic, laminar gas-jet target was used. The
gas jet target consists of a reservoir of gas under high pressure, an electrically controlled
valve and a nozzle (Fig.6.3). When the valve is activated gas flows out of the nozzle. The
gas flow is driven by the backing pressure. The maximum opening time of the gas jet
is 3 ms. As soon as a steady state flow has developed the laser is fired into the gas jet
which exits from the slit and expands into the vacuum. The dimension of the exit slit of
the nozzle is 1.2mm × 4mm. Supersonic gas jets are preferred as they produce a sharp
interface between vacuum and neutral gas density. In fact smooth gradient between vacuum
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Figure 6.3: (a) Top view of the supersonic gas-jet used in the experiment. Arrow indicate the
direction of laser propagation. (b) Internal shape of the gas-jet. Courtesy Prof. T. Hosokai.
and neutral gas density introduce inhomogeneity in the gas density profile. Smooth density
profiles are not good as they can cause ionization induced defocusing of the laser pulse and
limit the focusability of the pulse. An ideal supersonic gas-jet is the one which produce
step like interface between the vacuum and neutral gas density with a flat top profile. This
corresponds to a homogeneous neutral gas density profile. Homogeneity implies that stable
or steady state gas flow has developed before the arrival of the main laser pulse.
6.4.2 Thomson scattering
In order to study the propagation of the laser pulse in plasma we detected Thomson scat-
tered light at 90 degree to the laser propagation direction. Thomson scattering is a process
by which the energy of an electromagnetic wave is partly scattered in various directions by
free electrons. The electric field of the incident wave puts an electron into oscillatory mo-
tion and the electron emits a fraction of the incident laser energy as a dipole radiator. The
properties of this scattered radiation are thus related to the properties of the medium. This
fact has been investigated in this thesis and will be discussed later (in chapter 7). Thomson
scattering diagnostic provides a useful support for monitoring the laser pulse propagation
during its interaction with the gas medium. It gives an on-line information of the interac-
tion length between the laser pulse and plasma and thus can be used to optimize the best
conditions for electron acceleration.
6.4 Diagnostics 83
Figure 6.4: Set up of the Nomarsky interferometry.
6.4.3 Optical probing of plasma
In our experiment Nomarsky interferometry is used as an optical probing of the plasma
generated by the main laser pulse [105]. The peculiarity of this interferometric technique is
that the reference beam is extracted from the same probe beam by splitting the orthogonal
components of the electromagnetic wave polarization vectors using a birefringent Wollaston
prism. Using a Wollaston prism as a beam splitter, the main advantages are its relative simple
set-up, the absence of alignment and stability problems.
The working principle of the interferometry is as follows. Let us assume the probe
laser is polarized at 45 degree to the vertical direction. A lens is used in the interferometer
after the target (plasma). After passing through the lens, the beam converges to a focus
and diverges in a spherical wavefront. As the diverging beam passes through the Wollaston
prism it is split into two beams (one with vertical and the other with horizontal polarization)
with an angular separation. The diverging beams in the two polarizations can be projected
backwards to two apparent foci, which are the centres of the two spherical wavefronts for
the interferometer. A polarizer, oriented parallel or perpendicular to the 45 degree incident
polarization, is placed in between the Wollaston prism and detector so that the transmission
is the same for both polarizations and the two beams will interfere at the detector plane.
A typical set up for the Nomarsky interferometer for plasma density measurement is re-
ported in Fig.6.4. The interferometer ensures equal optical path length between ordinary and
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Figure 6.5: Imaging of a 60µm wire for calibration. Two non-overlapped images formed on the
screen. The calibration gives a relation between the pixel size and practical units and minimum
resolution obtained.
extraordinary rays. It is therefore ideally suited for illumination with very short pulses with
their inherently low temporal coherence. The spatial resolution of the system is determined
only by the quality of the imaging lens and can therefore reach high values. The fringe
separation can be adjusted by the spacing between imaging lens and Wollaston prism. The
Nomarsky interferometer produces two partially overlapped images of the region of interest,
so two images of the targets are visible in the detector plane.
In Figure 6.4, the object ’O’(i.e. the plasma) is imaged by a lens ’L’ onto the image
plane. The Wollaston prism ’W’ splits the probe into two orthogonally polarized beams, that
appear to be coming from two virtual foci F’ and F”. As a result, two orthogonally polarized
images are created. Interference between the two beams in their overlapping regions is
achieved by the polarizer ’P2’. The contrast of the fringes with the background depends on
the orientation of the polarizer P2. The fringe separation δ in a Nomarsky interferometer is
given by
δ =
λb
εa
(6.1)
where ε is the angle between the orthogonal polarized beams created by the Wollaston prism,
λ is the probe wavelength, a is the separation distance between prism and focusing lens and
b is the separation between the prism and the detector plane. So the separation between the
fringes can be easily varied by changing the distance between the focus of the lens and the
Wollaston prism. The fringe orientation can also be varied by a rotation of the Wollaston
prism.
The timing between the main and the probe (interferometry) pulses was performed by
first anticipating the probe beam and then starting delaying it until a fringe shift was ob-
6.4 Diagnostics 85
served in the interferogram, produced by a small plasma formation just before the arrival
of the probe beam. Finally, the spatial calibration of the interferogram is essential to know
the extent of propagation of the laser pulse. This is done by imaging a wire of known radial
dimension. The imaging system described in fig.6.4 produces two non-overlapped images
of the wire. This is shown in fig.6.5. The dimension of the wire in the image can be cal-
culated in terms of pixel. This gives a relation between the number of pixels and the radial
dimension of the wire. In our case this turns out to be 1pixel = 0.3µm. The minimum
resolution can be known by observing how many fringes are overlapped completely by the
wire. For example, if 3 fringes are completely overlapped by the wire of radial dimension
60µm than the minimum resolution of 20µm can be achieved. The two images of the wire
are separated by a distance ≈ 300µm. Hence, for plasmas extending more than this separa-
tion, overlapping of the two images occurs, and it is not possible to make a correct analysis
of the interferogram.
6.4.4 Electron beam characterization
In technological applications electron beam quality is of utmost importance. It is, there-
fore, necessary to employ reliable characterization methods for electron beam monitoring.
These characterization methods can be grouped as: detection, imaging, energy analysis and
stability.
Primary signature of the electron generation is monitored with scintillators. The elec-
trons collide with the walls of the chamber and generate γ-rays, which are detected with
scintillators and measured directly on oscilloscope. The signal obtained with scintillators
enable us to monitor the best conditions for electron acceleration in terms of reproducibility
of the signal.
Imaging of the transverse pattern of the electron bunch is performed using a scintillating
material, a Kodak LANEX screen, which is placed at a short distance behind a magnet. An
imaging camera is positioned at a view port near the LANEX but not in the beam path (ener-
getic electrons would saturate the camera and cause burn damage). The camera, thus placed,
provides a real time image of the electron beam position, shape, and intensity. The spatial
extent and divergence of the electron beam from laser axis are measured from LANEX
screen data.
The energy spectrum of the electrons accelerated along the axis of laser propagation
was measured using a magnetic spectrometer. At the entrance to the spectrometer there
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Figure 6.6: Trajectory of electrons entering in a magnetic field with different initial energies. De-
pending on their initial energy, electrons are dispersed and follow different Larmor radius. The ability
of magnetic field to disperse the electrons depending on their initial energy make it a suitable device
for energy spectrum measurement.
is a 0.5 mm hole to collimate the electron beam. This reduces the level of background
signal from low energy x-rays and electrons. The magnetic field region between the poles
was mapped using a Hall probe and is very uniform except near the edges of the poles.
The correspondence between electron energy and deflection from the axis is found using a
numerical algorithm (cf. Fig 6.6).
In the following discussion we will derive a mathematical relationship between the ra-
dius of curvature of the circular trajectory, followed by the electron in the magnetic field,
and its energy. We assume that the electrons are entering the magnetic field in the z direc-
tion, and the magnetic field is along the x direction. Fig.6.7 indicates the electron trajectory
and the magnetic field direction. The path of the electrons within the magnetic field is the
Larmor orbit in the y-z plane whose radius is given by:
evB =
γmv2
R
R =
γmv
eB
=
p
eB
(6.2)
where, R is the radius of curvature of the electron circular trajectory and p is the relativistic
momentum of the electron. The energy-momentum relation for a relativistic particle is
E2 = (pc)2 + (mc2)2 (6.3)
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Figure 6.7: The lay out of the electron trajectory from its generation up to detection. Electron after
generating from the gas jet target, which is at a distance L0 from the entrance of the magnetic field,
entered into magnetic spectrograph of length L1. Depending on its initial energy the electrons get
dispersed by the magnetic field and hit the detector plane, which is at a distance L2 from the exit of
the magnetic field, at different positions.
where, E is the total energy of the charged particle. Substituting for pc from equation 6.2
into equation 6.3, we have
R =
mc
eB
√
γ2 − 1 (6.4)
Thus, the electron will follow a circular path whose radius is governed by the energy of the
electron entering in the magnetic field region. Knowing the relativistic Larmor radius, the
electron trajectory can be defined.
To find a complete relation between the electron energy and its position on the detector
plane, one needs to consider the coordinates of the entrance point (P1) of the electron in
the magnetic field, the magnetic field extension (L1) and radius of electron trajectory in the
magnetic field as shown in Fig.6.8. With these informations, the coordinates of the exit point
(P2) of the electron from the magnetic field can be calculated. The trajectory of the exiting
electron is given by the slope of the line followed by the electron after exiting out from the
magnetic field. Fig.6.9 shows the position of such an electron beam on the detector screen
as a function of its initial energy.
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Figure 6.8: Trajectory of an electron passing through a magnetic spectrograph. The dotted curve
represents the Larmor orbit of the electron in the magnetic field.
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Figure 6.9: Electron position on the detector plane as a function of its initial energy .
6.5 Experimental results and discussion
In this section we will discuss the experimental results obtained with different diagnos-
tics used in the experiment.
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Figure 6.10: Image of the gas-jet nozzle obtained from the Thomson scattering diagnostic. The laser
pulse is focused on the edge of the gas jet. Thomson scattering radiation can be seen clearly (red in
colour). Beyond that point, the laser pulse expands and the emission visible in the image is dominated
by white light generated by plasma emission. Inset: The magnified region of the interaction.
Thomson scattering
To monitor the propagation of the laser pulse in a plasma the Thomson scattering diag-
nostic was used. The imaging of the interaction region was performed with a magnification
of 10 using an achromatic doublet lens and imaging camera. The spatial resolution of the
imaging system was limited by the pixel size of the camera. Fig.6.10 shows the imaging
of the scattering zone when the backing pressure of the gas jet was 30 bar. The laser was
focused at the entrance of the gas jet. One can notice the Thomson scattered light (red in
colour). The length of the scattered region is around twice the Rayleigh length (≈ 100µm),
indicating possible self-focusing of the laser pulse in plasmas. Beyond that point, the laser
beam expands and the emission is dominated by the plasma self-emission.
Interferometry
In the experiment the electron density evolution was studied with optical interferometry.
The interferogram of Fig.6.11 was taken at 2 ps after the arrival of the main pulse. The
backing pressure of the gas jet (nitrgoen) was 35 bar. The focus position of the laser pulse
was 50µm inside from the entrance edge and 400µm above the gas jet.
The interferograms have been deconvolved with a fringe-analysis technique that makes
use of a continuous-wavelet-transform ridge-extraction algorithm to extract the phase-difference
map, evidencing local phase variations with a higher degree of accuracy than other FFT-
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Figure 6.11: Interferogram representing the fringe shift. The interferogram is recorded 2 ps after
the arrival of the main pulse. The backing pressure of the gas jet was 35 bar. The arrow indicates the
direction of the laser pulse propagation.
based techniques [106]. Electron-density distributions are thus retrieved with higher accu-
racy and with low noise. Interferometric patterns have been analyzed with particular atten-
tion to some artifacts in phase-difference maps reconstruction that can be connected with
the transit time of the probe through the plasma [107, 108]. The interferometry gave us a
real-time diagnostic in order to search for the best conditions to achieve efficient electron
acceleration, by allowing us to control the plasma-electron-density distribution.
Figure 6.12(a) shows the electron density map and Fig. 6.12(b) shows the three-dimensional
plot of the electron density obtained for the fringe pattern shown in Fig. 6.11. The electron
density is of the order of 1019cm−3. The maximum electron density obtained in the exper-
iment was measured around ∼ 7 × 1019cm−3. The electron density has a maximum along
the longitudinal axis, since at this time the shock wave that is hydro-dynamically set-on by
the laser-energy deposition in the focal region has not yet developed enough to deplete the
on-axis region and form a hollow channel [109].
Electron bunch profile and energy spectrum
The single shot experiments are very statistical in nature due to the fact that laser and
gas jet parameters vary from shot to shot and therefore it is hard to have a fine control on the
interaction conditions. However, in the experiment the best conditions for acceleration are
found by scanning the focal position of the laser with respect to the gas jet and monitoring
the scattered signal from Thomson diagnostic and γ ray signal by scintillators. Fig.6.13
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(a)
(b)
Figure 6.12: (a) The map (in false color) of the electron density obtained from the interferogram of
Fig.6.11 and (b) the related 3D electron density profile.
shows a set of results performed with Helium gas target. These results indicate a direct cor-
relation between the Thomson scattered light and electron signal on the detector. One can
observe that the divergence of the electron bunch decreases as the length of the Thomson
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(a)
(b)
Figure 6.13: The typical spatial profile of the electron bunch [upper figures in (a) and (b)] and their
corresponding Thomson scattering (TS) images [lower figures in (a) and (b)]. TS diagnostic monitors
the propagation of the laser pulse in the plasmas. One can notice the correlation between the length
and the intensity of the Thomson scattered light and electron bunch divergence. Portion of the gas jet
nozzle is visible in the figure. The backing pressure of the helium gas-jet was 35 bar and the waist
position is in the vicinity of the entrance edge of the gas-jet.
scattering region increases. In addition, reduced radial extent of the scattering region corre-
sponds to less diverging electron bunch. This suggests that longer and confined propagation
of the laser pulse is essential for low divergence of the electron bunches. Fig.6.14 shows the
typical behaviour of the electron bunch size versus length of the scattering region. These
features were reproducible during the experiment and attributed to longer interaction time
(or length) between the accelerated electrons and plasma waves. Apart from providing large
acceleration gradient, the plasma waves can also cause focusing effect on the electron bunch.
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Figure 6.14: The typical trend of the electron bunch profile as a function of length of the scattering
region, monitored by Thomson scattering diagnostic. Bunch divergence exhibits an inverse relation
with the propagation length of the laser pulse.
Figure 6.15: Electron signal on Lanex obtained from Nitrogen gas target.
Sometimes there is a hot-spot region observed along with the large diverging electron bunch
(as seen in first case of figure 6.13(a)). Whereas, with nitrogen gas target most of the time
large electron signal covering the whole Lanex screen was detected (cf. fig.6.15).
Figure 6.16 shows electron signal obtained during the experiment with helium gas target.
Quasi-collimated bunch of electrons with moderate spread in energy of the bunch obtained
with helium gas, indicating the possibility of generating quasi-monochromatic bunches of
electrons with moderated power laser systems. Fig.6.17 shows the electron signal obtained
with nitrogen gas target. Almost 100% energy spread has been recorded during most of
the time with nitrogen gas target. Within our experimental conditions electron signals are
detected only at high gas pressure (≥ 30bar). The difference between the electron bunch
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Figure 6.16: Energy spectrum of the electron bunch generated with Helium gas target. (a) Shot
no.7084 (b) Shot no.7223. Quasi mono-energetic electron bunches are generated by optimizing the
laser and gas jet parameters in case of Helium gas.
size in helium and nitrogen gas target can be attributed to their atomic structure and the way
the laser pulse propagates in these targets.
One can notice that the intensity required to ionize helium gas completely is close to the
intensity required to ionize nitrogen gas up to 5th level. Moreover, nitrogen is a diatomic
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Figure 6.17: Energy spectrum of the electron bunch generated with Nitrogen gas target. (a) Shot
no.9791 (b) Shot no.9804. The spectra shows large energy spread in electron bunches.
specie in nature. Thus, with nitrogen gas much large electron density can be obtained rel-
ative to helium gas. At this point it is essential to note that the wave-breaking condition,
which is responsible for self-injection, is proportional to the square root of the electron den-
sity whereas, the acceleration length is in inverse proportion to electron density. It could be
possible that due to low electron density, in case of helium gas target, the wave-breaking
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condition is not achieved most of the time. This might be the reason for low reproducibility
of electron signal with helium gas target. Difficulty in self-injection could also prevent in
helium multiple injection of electrons in Wakefield. This could explain why a collimated
electron bunch is generated with helium gas. However, low electron density provides large
acceleration length. But diffraction effect dominates and the acceleration length remains
equal to Rayleigh length. Thus, in our experimental conditions collimated but low energetic
electron bunch is generated with helium gas target.
On the other hand, due to relatively large electron density, in case of nitrogen gas target,
the wave-breaking condition could be satisfied quite often. This explains high reproducibil-
ity in electron signal with nitrogen gas target. In absence of any guiding mechanism the
laser pulse diffracted and the process ends up with large diverging electron bunch genera-
tion. However, large electron density reduces the critical power required for self-focusing
of the laser pulse. This might be the case with nitrogen gas target. This is also observed
in simulations (discussed in chapter 7). This could explain relatively large electron energy
from nitrogen gas target.
To summarize, experiments were performed with helium and nitrogen gas targets. It
was observed that with helium gas more collimated electron bunches were produced but the
reproducibility was poor. On the other hand, non-collimated electron bunches with large
charge and good reproducibility were obtained with nitrogen gas. The maximum cut-off
energy in case of helium and nitrogen gas target was 3 MeV and 20 MeV respectively.
6.6 Particle-In-Cell numerical simulation
The numerical study of the propagation of laser pulse in underdense plasmas and elec-
tron density evolution was performed with a relativistic Particle-In-Cell (PIC) code, PSC
[111]. The PSC code is a three-dimensional cartesian code based on the Monte-Carlo-
Particle-In-Cell (MCPIC) method. The code solves relativistic Vlasov-Boltzmann equations
coupled to the Maxwell equations. The code starts with solving the Maxwell equations on
each cell of the grid. The space charges and currents are obtained from the distribution and
velocities of the quasi-particles 1. The fields at the positions of the particles are obtained
1Plasma consists of a large number of particles. Computationally it is not possible to track individual
particle in the simulation. Each quasi-particle represents collection of large number of real particles in the
system. The charge to mass-ratio of the quasi-particle is similar to an individual particle.
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Figure 6.18: Electron density distribution in 2D. The laser is p-polarized and propagates along z-
axis. A wake like structure is formed behind the laser pulse. The side bar represent the electron
density normalised by critical density. These snapshots are recorded after 426 fs, 576 fs and 747 fs.
by interpolation. The new positions and velocities obtained after a time step dt are used
to update the space charges and currents to be inserted in Maxwell’s equation. In general,
a collision-less plasma is assumed in a standard PIC-code, i.e. collective effects dominate
over small-scale collisions. Binary collisions have to be included separately (if required).
The time step of the iteration, however, has to be small enough to resolve the frequencies
that occur in the problem (e.g. the external electric laser field and the electron plasma fre-
quency). Also the spatial grid size has to be adapted to the problem accordingly to resolve
typical scale length (such as the Debye length). We used the PSC code in 2-D geometry.
To simulate the pulse propagation, a simulation box of dimension 50µm × 200µm was
defined in y and z direction, respectively. The number of grid points kept along y axis are 500
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Figure 6.19: Phase Space of the electrons in 2D. The figure shows the zpz-projections of the electron
phase space. Strong plasma wave oscillations can be seen from the figures. There is no clear evidence
of injection of the particles up to 200µm.
Figure 6.20: The energy spectrum of the electrons accelerated in the simulation.
and along z axis are 2000. This corresponds to 10 grid points per micron. The simulation
was run with 25 particles per-cell. A P-polarized pulse was used in the simulation which
propagates along z-axis and the electric field oscillations were along y-axis. The boundary
conditions for the particle and fields are either periodic or reflecting ones. The simulation
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box was uniformly filled with pre-formed plasma with a peak density of 5 × 1019cm−3.
The simulation was run on a single computer having a quad-core Intel processor with 8 GB
of RAM. Due to the limited configuration of the computer the run time of the simulation
was one week. Figure 6.18 shows the electron density evolution as the pulse propagates
in a pre-formed underdense plasma. A cavity like structure develops behind the pulse as it
propagates around 100µm. This is the signature of wakefield excitation by the laser pulse.
As the pulse propagates further, the wakefield or cavity like structure is more clear. Due
to lack of absorbing boundary conditions in the code some reflection can be seen from the
side walls at the end of the simulation. This affects the visualization of the snap shots.
Figure 6.19 shows the phase-space plot of the electrons (zpz projection) . Up to the 200µm
propagation length there is no exact indication of generation of collimated electron bunches.
However, plasma wave excitation and wakefield generation is clear from simulation. Figure
6.20 shows the electron energy spectrum obtained from the simulation. This is similar to the
energy spectrum obtained from nitrogen gas target. The simulation evidences the generation
of Maxwellian electrons in our case. This is also seen in experiments with nitrogen gas
target.
6.7 Conclusion
During the first phase of the experiment carried out with moderate power laser system
at Pisa laboratory, suitable conditions for electron acceleration have been found. Quasi
collimated electron bunches with few MeV energy was observed with Helium gas target,
while thermal electrons with energy exceeding 15 MeV was observed with Nitrogen gas
target. Numerical simulation supports wakefield excitation behind the laser pulse which can
be capable of accelerating electrons up to few MeV energy in a length of few microns. These
kind of electron bunches are suitable for a small all-optical laser-driven accelerator able to
efficiently generate γ-rays (via bremsstrahlung). Within this limit, most of the requirements
on the electron bunches, like mono-chromaticity, small divergence etc., are required at a
moderate level [112]. The laser system at Pisa laboratory is under up-grading to have more
shorter pulse length of around 40 fs with energy content of approximately 120 mJ at the
focused spot. The next phase of the electron acceleration experiment, including the γ-ray
source generation and biomedical application, with the upgraded system at ILIL laboratory
is expected to start in the near future.
CHAPTER 7
Frequency up-shift and super-continuum
generation in laser-plasma interaction
7.1 Outline
Frequency shift is one of the most important phenomena in laser-plasma interaction stud-
ies as it reflects the coupling process of the electromagnetic waves in plasmas. The incident
electromagnetic wave can couple in the plasma with an electron plasma / ion-acoustic wave
so producing scattered electromagnetic waves or two plasmon decay process [As described
in previous chapters]. These phenomena are relevant to laser fusion applications, since they
can either decrease the amount of energy absorbed by the pellet or reduce the implosion
symmetry [113]. Generally, when one of these instabilities occurs, the electromagnetic fre-
quency down-shift can be observed because the laser gives part of its energy to the plasma
waves [114]. However, frequency up-shift has also been observed in the laser-plasma in-
teraction [115, 116]. Since the frequency up-shift phenomena have the potential to develop
compact tunable radiation sources based on laser plasma interaction, a growing interest is
emerging in this field.
In this chapter we will discuss the propagation of the laser pulses in neutral gas medium
and the effect of plasma formation on the laser pulse frequency up-shift. An introduction
to the basic principle of frequency up-shift process is given in Section 7.2. In Section 7.3
experimental results on frequency up-shift are presented. Section 7.4 is concerned with the
propagation of the laser pulse in different atomic species. Finally, in Section 7.5 a possible
physical mechanism behind the observed frequency up-shift process is discussed.
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7.2 Frequency shift: An introduction
An electromagnetic wave propagating from a medium to another medium experiences
change in its wave vector because the properties of the medium varies in space. This vari-
ation gives rise to refraction phenomena of the light when it crosses the boundary between
the two media. Similarly, when an electromagnetic wave propagates in a medium whose
properties changes very fast with time it experiences change in its frequency components.
This later phenomena is known as frequency shift of the incident light pulse [117] and in
optical physics is more popularly known as supercontinuum generation. The supercontin-
uum is the generation of white light pulses spanning from the ultraviolet to the near infrared
that arises from the nonlinear interaction and propagation of ultrafast pulses focused in a
material. The supercontinuum can be generated in different states of matter - condensed
media (solids and liquids) and gases.
In principle, various processes are involved in supercontinuum generation. A fundamen-
tal role in this phenomena is played by ionization of the medium. When an intense ultrashort
laser pulse propagates through a medium, it changes the refractive index from the distortion
of the atomic or molecular neutral configuration, which in turn changes the phase and am-
plitude of the incident pulse [118]. The phase and amplitude change can cause a frequency
sweep of the incident pulse and can alter the envelope and spatial profile (self-focusing) of
the pulse. Thus, the self-phase modulation is the fundamental physical mechanism respon-
sible for the spectral and spatial modification of the incident laser pulses in plasmas.
The main physical parameter responsible for the SPM is the intensity and the shortness
of the laser pulse. The spatial variation of laser intensity leads to SPM in space. Since a laser
beam has a finite cross section, and hence a transverse intensity profile, SPM on the beam
should have a transverse spatial dependence, equivalent to a distortion of the wave front.
Consequently, SPM in space is responsible for focusing or defocusing of the laser pulse. In
the case of a pulsed laser input, the temporal variation of the laser intensity leads to an SPM
in time. Since the time derivative of the phase of a wave is simply the angular frequency
of the wave [ω(t) = −∂(φ)/∂t] 1, SPM also appears as a frequency modulation. Thus, the
output beam appears with a self-induced spectral broadening. For large spectral broadening,
a strong SPM in time is required, i.e., a large time derivative in the phase change.
1φ = kx − ω0t and k = k0η where k0 and ω0 are wave vector and angular frequency in vacuum, re-
spectively and η is the refractive index of the medium. Thus, ω = −∂φ
∂t
=-[k0x∂η∂t − ω0]. This implies
ω − ω0 = k0x∂η∂t .
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In intense laser-matter interaction, a change in the refractive index is induced by ioniza-
tion of the neutral medium. Ionization gives rise to phase modulation of the incident laser
pulse and hence new frequency component generation. An electromagnetic wave propagat-
ing in a neutral gas medium ionizes the medium and forms a plasma. The refractive index
of the plasma is given as
η =
√
1− ω
2
p(t)
ω2
(7.1)
where, ωp is plasma frequency and ω is the laser frequency. Thus, during the transition from
the gas to the plasma state, the electromagnetic wave experiences reduction of the refractive
index. In this way a negative time derivative of the refractive index produces up-shift of
the laser frequency. At high intensities (≥ 1018Wcm−2) the relativistic effects become
significant and the plasma refractive index formula modifies to
η =
√
1− ω
2
p(t)
γω2
(7.2)
Thus, along with the fast evolution of electron density due to ionization, relativistic correc-
tion in electron mass also modifies the refractive index in case of relativistic laser-plasma
interaction.
For a laser pulse of Gaussian intensity profile, ionization results in an uneven distribution
of electron density, maximum along the axis and gradually decreasing along the transverse
direction of the pulse propagation. This produces a refractive index minimum along the
axis and maximum along the wings of the laser pulse. Consequently, the ionized medium
behaves like a diverging lens, causing defocusing of the laser pulse. However, if defocusing
effects can be circumvented by some non-linear focusing effects the laser pulse can prop-
agate for longer distances partially compensating the defocusing action of the diffraction.
The electron density evolution at any time, t, depends on the intensity of the laser pulse
at preceding times at that position. Thus, the rate of defocusing is stronger at the trailing
portion of the pulse. The relativistic mass non-linearity, in contrast, is local in time and pro-
ducing an increase of the refractive index induces the self-focusing of the laser pulse. For
a fast rising laser pulse, as the refractive index changes rapidly with time, the phase of the
laser is modulated causing shifting of the frequency of the laser pulse.
Inoization induced spectral blue-shift has been widely investigated experimentally [119,
120, 121, 122], theoretically [123, 124, 125, 126, 127, 128] and numerically [129, 130,
131]. However, a number of competitive effects, including intensity decrease due to either
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defocusing or energy depletion of the laser pulse, have limited so far the observed blue shift
to a few tens of nanometers [132, 133]. Apart from ionization induced frequency up-shift
there are other physical mechanisms, like frequency shift by plasma wakefield (commonly
known as photon acceleration by plasma wakefield) [134, 135], which may also contribute to
the frequency up-conversion during laser plasma interaction. For wakefield induced photon
acceleration, the required condition is that the spatial extent of the laser pulse should be
shorter than the plasma wavelength. So that the pulse can be trapped by the accelerating
structure of the plasma wave in a similar way as it trapped electrons in the case of wakefield
acceleration. The most dominant mechanism depends on the physical conditions of the
experiment and strongly related with the atomic specie properties as well.
7.3 Experimental results on frequency up-shift
Laser pulse propagation in plasmas and its spectral modification have been extensively
studied in last three decades. Usually the spectral analysis of the transmitted laser pulse
was performed by sending it into a spectrometer. This provides space and time integrated
information on the transmitted pulse spectrum. Important information regarding laser-matter
interaction is encoded in the pulse spectrum, without any time resolution when the laser
pulse lasts only a few tens of femtoseconds.
In the experiment 2 we tried to understand how the spectral envelope of the pulse changes
during its interaction and propagation through the gaseous medium. For this purpose, Thom-
son scattered light was used as a diagnostic. The Thomson scattering (TS) diagnostic is
generally used to monitor the propagation of the laser pulse. We used also a spectrome-
ter to analyse TS radiation. The detection range of the spectrometer was from 200 to 850
nm. An unprecedented broadening of the incident laser pulse towards the blue region, ex-
ceeding 300 nm in wavelength, has been recorded. The images of the propagation region
displayed multi-coloured light generation during interaction and propagation of the laser
pulse through gaseous medium. Figure 7.1 shows the Thomson scattering image and the
corresponding spectrum obtained in the case of nitrogen gas target. The noteworthy fea-
tures in the Thomson scattering image are the structured periodicity of the emitted region,
progressive frequency shift and guiding of the laser pulse. Similarly, the notable features in
the corresponding spectrum are the extent and behaviour of frequency shift. The up-shift in
2The experiment was carried out with the laser system described in chapter 6.
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Figure 7.1: (a) Thomson scattering image and (b) the corresponding spectrum obtained during the
experiment With nitrogen gas target. The arrow in the figure indicates the direction of propagation
of the laser pulse.
Figure 7.2: (a) Thomson scattering image and (b) the corresponding spectrum obtained during the
experiment with argon gas target. The arrow in the figure indicates the direction of propagation of
the laser pulse.
frequency is almost continuous from the fundamental 800 nm to 550 nm wavelength. No
filter has been used during the recording of these images and spectra. As far as we know,
such variations in the frequency of the incident laser pulse during the interaction with gas
targets has been never reported before in literature. These observations can stimulate future
research on understanding the physics behind the propagation and intensity evolution of the
laser pulse.
These observations of supercontinuum generation from gas targets are encouraging re-
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sults for tunable frequency radiation sources. Since ionization induced frequency shift
strictly depends on the electron density and its evolution with time, tunability of radia-
tion could be achieved by varying the electron density and pulse duration of the laser pulse.
However, during the experiment it was observed that some effect on extent of frequency
shift can be obtained by using different gas targets. With argon gas, the extent of frequency
up-shift was large in comparison to the shift observed with nitrogen gas. Figure 7.2 shows
the Thomson scattering images and its corresponding spectrum obtained from argon gas.
The Thomson images from argon gas target exhibits the similar behaviour of spatially pro-
gressive up-shift in frequency. The spectrum of the scattered radiation also displayed the
similar large up-shift in frequency.
One can notice different features in Thomson emission for the two gases:
1. The change of frequency occurs in the later part of the propagation in case of nitrogen
gas target, whereas, the change of frequency occurs at the initial part of the propaga-
tion in case of argon gas target.
2. The scattered radiation from nitrogen gas is intense and bright (especially the region
of frequency up-shift), whereas, the scattered radiation from argon gas is weak in
intensity.
3. In the case of nitrogen gas the shift is almost continuous and starts from 800 nm
wavelength, whereas, in case of argon gas the fundamental 800 nm wavelength is
clearly distinguished and visible separately from rest of the shifted spectrum. There is
an initial dip in the frequency shifted spectrum around 750 nm and then the frequency
shift is progressive up to 450 nm.
4. The extent of up-shift is larger in case of argon gas as compared to the nitrogen gas
target.
This different features of the Thomson emission for the two gases could be due to their
different atomic structure which produces different behaviour of the ionization dynamics.
The physical explanation of such a large frequency up-shift requires a complete wave-
propagation model taking into account ionization of the medium. Following Rae et al. [131],
for a homogeneous plasma and an electron density much less than the critical density, the
time dependent spectral shift from plasma formation can be roughly estimated as
∆λ = − e
2N0Lλ
3
0
8π2ǫ0mec3
dZ
dt
(7.3)
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where e is the electronic charge, N0 is the atom density, Z is the degree of ionization, λ0 is
the fundamental laser wavelength, L is the interaction length, me is the electron mass and
c is the velocity of light in vacuum. dZ
dt
strongly depends on laser intensity and on the time
needed to ionize a considerable fraction of neutral atoms. According to this formula, large
frequency shift can be obtained either by increasing the interaction length (L) or the electron
density. To achieve high intensity normally tight focusing optics is used in experiments,
this limits the interaction length due to diffraction effects. Also, the spatial variation of
the refractive index of the plasma due to ionization further limits the interaction length by
defocusing the laser beam. Using equation 7.3, for a fundamental wavelength of 800 nm, an
interaction length of 200µm, electron density of 2.5× 1019cm−3, maximum ionization state
of 5 (for nitrogen gas) and ionization time of 60 fs, the shift in the wavelength is found to
be ≈ 320nm, which is in fair agreement with the shift observed experimentally in case of
nitrogen gas. For an electron density of 4 × 1019cm−3 and maximum ionization state of 8
(for argon gas) in 80 fs 3, the shift is ≈ 300nm, which is around 100 nm less than the shift
recorded experimentally in case of argon gas. Nevertheless, above formula gives a rough
estimation of the frequency up-shift.
For the Thomson scattering radiations we rely on scattering centres (plasma electron),
which scatter incident laser light in different directions. In this way we have a two step
process: (1) interaction of light with gaseous medium and its ionization, and (2) scattering
of the incident laser pulse by ionized electrons. Moreover, as the images and spectrum
are recorded at 900 to the laser propagation direction, the contribution of Doppler shift can
not be ruled out in frequency up-shifting process. Thus, we believe that a physical model
that includes the ionization process and Thomson scattering configuration can give
an actual estimation of the frequency shift that can take place during the interaction
process.
The exact reason for such a huge up-shift in frequency can be due to many non-linear
physical processes and phenomena involved during laser gas interaction. In the next sec-
tion, we will try to give some physical reasons behind the observed frequency up-shift by
analysing the propagation of the laser pulse in nitrogen and argon gas medium.
3The different time scales for degree of ionization in case of nitrogen and argon gas is due to the fact that
the rate of ionization depends on both, the laser and the atomic specie properties.
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Figure 7.3: Interferogram obtained in case of Nitrogen gas at 35 bar. The interferogram is taken at
≥ 5ps after the arrival of the main laser pulse. The interferogram shows a collimated propagation
of the laser pulse over few hundreds µm indicating a competitive process against optical diffraction.
Arrow in the figure indicates the direction of laser pulse propagation.
Figure 7.4: Interferogram obtained in case of Argon gas at 35 bar. The interferogram is taken at ≥
5ps after the arrival of main laser pulse. The interferogram shows the diffraction of the laser pulse.
Arrow in the figure indicates the direction of laser pulse propagation.
7.4 Propagation of laser pulse in different gases
Interaction of laser pulses with gaseous medium initiates with the ionization process.
For a Gaussian laser pulse the ionization process produces an electron density maximum
at the center and minimum towards the wings of the pulse. This uneven distribution of
the electron density behaves as a diverging lens and tends to defocus the pulse. This is
known as ionization induced defocusing. For a modest intensity pulse, ionization induced
defocusing potentially affects the propagation of the laser pulse. This is the reason why
most of the early experiments were done with low atomic number gases, usually hydrogen
and helium. However, there are atomic species in which the ionization potentials of the
successive ionization states needs very high intensities. Nitrogen is very attractive atomic
species from this point of view. The first five ionization states for nitrogen gas need almost
same intensity as that required to fully ionize helium gas. But the remaining 2 states (6th
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and7th) need very high intensity (more than three orders in magnitude compared to lower
ionization states). Another advantage with nitrogen gas is its diatomic nature. Consequently,
for same intensity nitrogen gas will produce larger electron density than hydrogen or helium
gases. For a short pulse (< 100fs) this ionization state can be attained in very early time
of interaction. If the intensity of the pulse is well below the 6th and7th ionization threshold
of nitrogen, no further ionization will take place (until self-focusing effect increases the
intensity of the pulse required to ionize 6th and7th levels ) and the ionization will be quasi-
saturated in the early time of interaction. In such a case, most part of the pulse propagates
as if it is propagating through a pre-formed plasma. Consequently, the pulse will be least
affected by ionization induced refractive defocusing and a stable condition for the pulse
propagation could be reached.
We studied this phenomena experimentally with the 2 TW laser pulses. The results show
a quasi stable propagation of the pulse with nitrogen gas as a target. Time resolved interfer-
ometry and Thomson scattering images provided a useful support to gain information about
the pulse propagation. Figure 7.3 shows an interferogram recorded using nitrogen gas target.
It is observed that the laser pulse propagates without any early diffraction, maintaining its
radial extent and a long channel-like longitudinal propagation. The laser pulse envelope was
quasi Gaussian. The Rayleigh length of the pulse was around 60µm. However, the length
of the scattering region is greater than 300µm, which is more than five times the Rayleigh
length. A bright scattered region maintained over propagation length was also seen in the
Thomson scattered image recorded in case of nitrogen gas (cf. fig.7.1). Figure 7.4 shows an
interferogram recorded using argon gas target. Unlike the case of nitrogen gas, divergence
of the pulse is clearly apparent from interferogram. A gradual decrease in the intensity of
the scattered radiation with the propagation of the pulse can also be seen in the Thomson
image (cf. fig.7.2). These behaviours of laser pulse propagation in these two different gases
were reproducible during the experiment.
As the light emitted from Thomson scattering is the product of local laser intensity and
electron density it gives a combined information on laser intensity and electron density
evolution during the propagation of the pulse. Electron density evolution can be estimated
with optical interferometry and thus, Thomson scattering may give some information about
intensity evolution of the laser pulse. Such a method to characterize the ultraintense and
ultrashort laser fields and to study the ultrafast dynamics of the electrons was proposed by
Gao [136, 137]. In the present work, the propagation issue of the laser pulse in nitrogen and
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(a)
(b)
Figure 7.5: (a) Represents the temporal intensity profile of the laser pulse. Red dots on the curve
represent different ionization levels for N2 gas. Inset: Intensity vs ionization state for N2 gas. (b)
Represents the temporal intensity profile of the laser pulse. Red dots on the curve represent different
ionization levels for Ar gas. Inset: Intensity vs ionization state for Ar gas.
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Figure 7.6: Electron density evolution obtained from interferogram in case of nitrogen gas.
Figure 7.7: Electron density evolution obtained from interferogram in case of argon gas. Due to
not good quality of interferogram and overlapping of the two images in Nomarsky interferometery,
analysis of the interferogram is quantitative.
argon gases has been studied.
The different behaviours in the propagation of the laser pulses in these two gases can be
understood from their ionization potentials. Figures 7.5(a) and 7.5(b) illustrate the temporal
profile of the laser pulse and ionization threshold 4 [inset] for nitrogen and argon gases,
4The intensity required to ionize an atomic specie up to nth state can be obtained from equation 5.10 in
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respectively. At the intensity and time scale of the currently available CPA laser pulses, the
laser pulse can fully or partially ionize the gas in a time shorter than a single wave period.
During the ionization process, the transverse electron density distribution could defocus
the laser pulse. However, if the critical power threshold could be reached the pulse could
undergo self-focusing. Moreover, at intensities ≥ 1018Wcm−2 relativistic effects become
significant, which modulates the refractive index of the plasma in a way exactly opposite to
ionization process and causes the laser pulse to focus.
It is apparent from figure 7.5(a) that in the case of nitrogen gas the rising edge of the
laser pulse ionizes the medium up to the 5th level in the early time of interaction and most
of the pulse propagates without further ionization. Within the intensity level of the focused
pulse, during their interaction with laser electric field, the ionized electrons could acquire
relativistic quiver velocity, and give rise to an increasing γ factor in eq.(7.2). In this condi-
tion, a competition between optical diffraction and relativistic self-focusing takes place and
leads to a collimated propagation of the laser beam. This process becomes weak when the
laser energy depletes significantly or when non-linear effects saturate. Instead, if the pulse
peak intensity is comparable to the value suitable for partial ionization of the gas, as shown
in figure 7.5(b), ionization severely affects the pulse propagation. The laser pulse energy
was mainly exhausted in ionizing the neutral gas medium and might not have reached a
condition suitable for relativistic self-focusing. In such a case, ionization induced refractive
effects remained strong enough to defocus the pulse and resulted in an unstable propagation.
The above argument is also supported by deconvolution of electron density from inter-
ferograms, which shows similar plasma density in both the gases. In spite of this fact, a
quasi-stable propagation was observed in nitrogen gas, while, defocussing effects remained
dominant in argon gas. Figures 7.6 and 7.7 show the electron density distribution obtained
from the interferogram recorded in the case of nitrogen and argon gases, respectively. Due
to poor quality and overlapping of the two images in the interferogram, analysis was a little
difficult and qualitative. In the next section we will try to explain the frequency up-shift
phenomena with the help of pulse propagation behaviour in the two gases.
chapter 5.
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Figure 7.8: Numerical calculation of laser pulse propagation in underdense plasmas. The figure
shows the intensity evolution of the laser pulse propagating in pre-formed plasma. The sidebar
represents the normalised intensity values.
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7.5 Discussion and explanation for frequency up-shift pro-
cess
In the case of nitrogen gas it is evident from Fig. 7.5(a) that the incident laser pulse ion-
izes the medium up to 5th state in very early time of interaction. The remaining part of the
laser pulse propagates as it is propagating through a pre-ionized plasma. Under such condi-
tions the pulse received minimum return effect from ionized electrons in terms of refraction
process. This can be seen from the interferogram and Thomson scattering image from ni-
trogen gas. This implies that after the initial interaction, the energy content of the pulse
is decreased only marginally. There after, in the case there is no self-focusing of the laser
pulse takes place, the pulse should propagate smoothly up to the Rayleigh length and later
on follow optical diffraction. In contrast, the interferogram recorded in case of nitrogen gas
target displayed a completely different behaviour. The pulse propagates up to several hun-
dred microns without any optical or ionization induced diffraction, suggesting self-trapping
of the laser pulse. The critical power required to reach the self-focusing threshold is given
as
Pc = 17
(
nc
ne
)
GW (7.4)
where, nc is the critical density and ne is the local electron density. Thus, the higher the
electron density the lower will be the power required for self-trapping of the laser pulse.
The electron density measured from interferogram (taken for nitrogen gas target) was in the
range 2−7×1019cm−3. Thus, the critical power required for self focusing of the laser pulse
in our case is 1.44−0.41TW, which is lower than the power (2 TW) available with our laser
system. Hence, one can expect the self-focusing of the laser pulse during its propagation in
nitrogen gas target. Due to self-focusing the local intensity of the light increases and will
further enhance the efficiency of self-focusing phenomena. Due to self-focusing the pulse
intensity increases up to a level where 6th and even 7th ionization states of nitrogen could be
reached. The further ionization induces self-phase-modulation of the laser pulse and hence,
frequency up-shift. The frequency up-shift process produces the energy depletion of the
laser pulse so affecting the self-focusing phenomena. In addition to this, further increment
of electron density on the path of laser pulse makes it difficult for the pulse to maintain its
stable propagation. This physical behaviour is displayed by the Thomson scattering image
in case of nitrogen gas.
However, as we have seen from figure 7.5(b), in case of argon gas ionization process
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remain effective through-out the pulse envelope. Unlike nitrogen, there is no intermedi-
ate partial saturation of ionization process in case of argon gas. The propagating pulse
keeps on delivering its energy in ionizing the medium and as a result brisk ionization takes
place during the early part of propagation. The ionized electron density is strong enough to
modulate the laser phase and cause frequency up-shift. Besides ionization, laser pulse starts
loosing its energy due to frequency up-shift process also. The gradually decreasing en-
ergy (due to ionization and frequency up-shift) and continuously increasing electron density
makes difficult for the laser pulse to continue its propagation in the highly dense medium.
The pulse soon loses all its energy and gradually become invisible before it could find a
proper condition to maintain its propagation. This physical behaviour is again very well
displayed by the Thomson images in argon gas target.
The propagation of the laser pulse in the underdense plasma is analysed numerically
with PSC code. The code assumes fully ionized medium. The pre-plasma assumption was
partially valid for nitrogen gas where rapid ionization took place in the early stage of its
interaction with laser pulse. The pre-plasma density was set close to the maximum electron
density that could be reached with nitrogen gas. Figure 7.8 shows the pulse propagation
through the pre-formed underdense plasma. The code reproduced similar features as seen
in the Thomson image obtained from nitrogen gas. As the pulse propagates, its transverse
extent decreases indicating self-focusing of the pulse. Thus, intensity of the pulse increases
as it propagates through the plasma. As the pulse propagates further, the intensity distribu-
tion shows oscillating behaviour. This may be due to an interplay or competition between
non-linear focusing effects and defocusing effects. The oscillating focusing can be corre-
lated with the quasi-periodic structure present in the Thomson images. Thus, simulations
supports the self-focusing of the laser pulse under our experimental conditions. The absence
of any such focusing behaviour of laser pulse in case of argon gas implied that ionization
induced defocussing effect prevented the stable propagation of the pulse.
Regarding to the assumption of pre-formed plasma in the code, the effect of ionization
on intensity distribution during propagation of the pulse was not considered. However, it
was obvious that when pulse was involved in ionizing the medium, energy depletion would
become more significant. This might prevent the pulse to reach the critical power threshold
for self-focusing. In addition, the continuous ionization of the medium, as in the case of
argon gas, would further affect the spot size of the pulse due to refraction induced defo-
cussing. In such a case, both power and intensity might significantly be reduced and would
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result in non-stable propagation of the laser pulse.
7.6 Conclusion
In this chapter we discussed the frequency up-shift phenomena observed during the laser
gas interaction. Preliminary study on propagation of the laser pulse and Thomson scatter-
ing images suggest that the spectrum may be shifted due to ionization induced self-phase
modulation of the laser pulse. Supercontinuum generation was observed from nitrogen and
argon gases and found to be strictly related with the properties of the atomic species. High
electron density target are essential for producing such effects. Another important obser-
vation was made on stable propagation of laser pulses with nitrogen gas target. Due to its
unique atomic properties and diatomic nature nitrogen is emerging as an attractive target to
be used for different application based on laser matter interaction. Numerical study of the
propagation of the laser pulse was done with Particle-In-Cell code. Pre-plasma assumption
prevented in our case to simulate the effect of ionization on intensity distribution during
propagation of the pulse. However, it still provides some insight of the physical mechanism.
It may be quite possible that in addition to ionization induced self-phase modulation, some
other mechanisms responsible for such a huge frequency up-shift are also involved.
Part V
Experimental description and discussion:
Part II
CHAPTER 8
Self-injection test experiment with
sub-PW FLAME laser facility
8.1 Outline
The table-top terawatt laser systems has revolutionized the field of laser plasma interac-
tion studies. These paves path for the development of high power laser systems that can be
built at small scale laboratories and results in exponential growth in laser matter interaction
studies. Particle acceleration, X-ray generation, inertial confinement fusion and many other
strategic experiments have reached a new milestone. However, many challenges and con-
straints are due to the requirement of high power and intensities needed to practically realise
these novel scientific applications.
This chapter is concerned with the experiment on electrons acceleration with a sub-
petawatt laser facility at National Laboratory of Frascati. This experiment is an advance
phase of the pilot experiment discussed in chapter 6. In Section 8.2 basic specification of
the newly built FLAME laser system are described. In Section 8.3 the configuration and
first experimental results on self-injection test experiment (SITE) with FLAME laser will be
discussed.
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8.2 FLAME: A sub-peta watt laser facility
A new era of laser based plasma accelerators is emerging following the commissioning
of many high power laser facilities around the world. Extremely short laser pulses with
very high intensities will be available with these newly built facilities and it will become
possible to study the extreme conditions of light matter interaction within a small scale laser
laboratories. The commissioning of the FLAME laser facility is a step to an integrated
approach towards this goal in the framework of PLASMON-X project. Plamson-X is an
acronym for plasma acceleration and monochromatic x-ray generation. The FLAME laser
is capable of producing some of the most intense light conditions for laser matter interaction.
The FLAME laser system is a 300 TW Ti:Sapphire laser capable of accelerating electrons
to energies of several hundred-million electron volts in a distance of about few millimetres
[139]. The key to FLAME extreme power is its ultra-short pulse duration, 23 femtosecond.
High power can be achieved with a moderate amount of energy content in such a short pulse.
FLAME stands for Frascati Laser for Acceleration and Multi-disciplinary Experiments.
At present the FLAME laser is in commissioning stage and will be operational with its
full power by the end of this year. The main objective of the experiment is to achieve
GeV class electron acceleration. In parallel to the commissioning phase, experiment on
particle acceleration has been started to test the laser performance and to explore the optimal
conditions required for self-injection and acceleration of the particles to few hundreds of
MeV in a controlled manner.
8.2.1 Basic specifications
The custom made FLAME Amplitude laser is based on CPA scheme that delivers in
about 20 fs, up to 6 J laser pulse at 800 nm with a 10 Hz repetition rate. The system includes
a front-end with pulse contrast enhancement (booster), bandwidth control and regenerative
amplifier and yield pulses with 0.7 mJ in 80 nm bandwidth. These pulses are then further
amplified by the first amplifier up to the 25 mJ level while the second amplifier brings the
energy up to the 600 mJ level. The third cryogenic amplifier is based on Ti:Sapphire crystal
pumped by 10 frequency doubled Nd:YAG laser pulses for a total of up to 20 J of energy
per pulse. The Ti:Sapphire crystal absorbs energy from a pump laser emitting at 532 nm and
has a large bandwidth gain profile centered about 815 nm. The extraction energy is as high
as 35 %, leading to a final energy in the stretched pulses in excess of 7 J. Pulses are then
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Figure 8.1: Schematic of optical layout of the Flame laser system.
transported in air to the vacuum compressor placed in the underground target area. Once
compressed, the pulse is transported under vacuum to the target chamber through remotely
controlled beam steering mirrors. The optical layout of the Flame laser system is illustrated
in Fig. 8.1. The specifications of the system is given in table 8.1.
Figure 8.2 shows the temporal behaviour of the FLAME laser pulse showing the level
of amplified spontaneous emission (ASE) just above 10−9 of the peak intensity. At full
power the laser pulse can be focused to provide intensities exceeding 1020Wcm−2 which,
with our ASE contrast, gives a precursor laser intensity on target below 1011Wcm−2. In the
case of interaction with gases with pressures ranging from 1 to 10 bar, this laser intensity
is below the plasma formation threshold for laser pulses of sub-nanosecond duration which
is the typical duration of ASE pulses. Therefore we can reasonably assume that in our
experimental conditions, no premature plasma formation occurs and the CPA pulse can be
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Parameters Value
Type Ti:Sapphire
Wavelength 800 nm
Bandwidth 80 nm
Pulse Duration ≥ 23 fs
Max. Energy < 7 J
Max. Power up to 300 TW
Pre-pulse Contrast Ratio 1010 (at ns scale)
Focusing Optics F/10 OAP
Target Supersonic laminar gas jet
Table 8.1: Summary of Flame laser parameters
Figure 8.2: Cross-correlation curve (left) showing the detailed temporal structure of the laser pulse
in the 500 ps window before the main pulse. The plot on the left shows that intensity of the amplified
spontaneous emission is just above 10−9 of the peak intensity. The plot on the right shows the detail
of the curve in the ps domain, just before the peak intensity.
focused directly in the gas. However, according to the curve of Fig.8.2 some precursor
radiation may be present on the ps time scale before the pulse reaches the peak intensity.
This radiation may give rise to premature ionization of the gas.
Another salient feature of the FLAME laser system is its high pointing stability. Pointing
stability refers to the consistency of the laser beam position from shot to shot. Usually, the
laser pointing varies from shot to shot and thus affects the nature of the interaction in terms
of reproducibility. The success of any experiment partially depends on the control of the
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Figure 8.3: Measured focal spot of the laser pulse. (a) Spatial profile of the focused spot (b) and its
corresponding intensity distribution.
laser beam pointing. This depends on both intrinsic properties of the laser system as well
as issues arising from the optical components that enable transport of the laser pulses from
the laser system to the final optics. In the case of FLAME, due to the complex set up of the
installation, it is important to measure the pointing stability of the laser pulse. The beam
pointing stability is monitored by measuring the performance of the focal spot of the laser
pulse. The focal spot is imaged by an objective to a standard CCD. As a final result, a
measurement of the position of the focal spot with a micrometer-scale resolution can be
achieved to reach µrad resolution in the beam pointing evaluation. Figure 8.3(a) shows the
measured focal spot of laser pulse. The off-axis parabolic mirror (OAP) focused the beam
to a spot of around 30 µm FWHM. The beam intensity distribution profile [Fig.8.2(b)] is
quasi-Gaussian in shape. The on-line continuous monitoring of this spot showed that the
FLAME laser system exhibits good pointing stability (cf.fig.8.4).
The energy stability of the of the pulse is also good. Fig. 8.5 shows the energy curve as
a function of time. The energy remains stable for several hours of the measurement. Thus,
the key parameters (pointing stability, energy content of the pulse and pulse duration) of the
FLAME has shown exceptionally good stability during a long test operation.
8.3 Experimental set-up and preliminary results of SITE
The experiment was carried out at FLAME laser lab at National Laboratory of Frascati.
The schematic of the experimental set-up is shown in Fig. 8.6. The amplified stretched pulse
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(a) (b)
Figure 8.4: Pointing stability measurements of the focal spot. (a) Pointing stability along X-
direction (b) Pointing stability along Y-direction.
Figure 8.5: Energy stability curve for Flame laser system.
is transported in air from clean room up to the compressor in the target area inside the bunker.
Inside the compressor the pulse is compressed back to near its original duration and sent to
the interaction chamber through a transport line under vacuum. For the proper alignment of
the laser pulse two additional mirrors are placed before the OAP. The laser pulse is focused
by the F/10 OAP on a supersonic, laminar gas jet of dimension 4mm × 10mm. The gas-
jet is mounted on a micrometric motorized support that allows the interaction point to be
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Figure 8.6: Top view of the experimental set-up for the self-injection test experiment with FLAME
laser facility.
moved along the three cartesian axes (position scan). Vacuum in the chamber before the
shot is maintained at a pressure below∼ 10−5 Torr by a turbo-molecular pump connected to
the chamber by a gate-valve. Several diagnostics were employed to monitor the interaction
point and electron signal [as described in chapter 6]. One of the special feature for the SITE
experiment is the newly built fibre optics based magnetic spectrometer. The spectrometer is
capable of measuring the enrgy of the particles in the range of 10MeV to ≈ 1GeV [138].
During the first phase of the experiment the main aim was to find minimum threshold
conditions for electron acceleration by optimizing the gas and laser parameters. This was
done by scanning the laser focus point with respect to the gas jet and monitoring the plasma
length through Thomson scattering diagnostic and γ-rays signal from scintillators. The gen-
erated electrons were detected on Lanex screen placed at 10 cm behind the gas jet. Nitrogen
gas was used in the experiment. After a long scanning process a suitable condition for elec-
tron acceleration was found in a pressure regime between 7 to 12 bar. The energy of the
laser pulse was between 500 to 600 mJ and the pulse duration was between 30 to 35 fs.
The spot size of the focused pulse was around 24µm in diameter. The intensity that can be
achieved in the preliminary experiment was < 4 × 1018Wcm−2 [considering the efficiency
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Parameters Value
Pulse duration 30-35 fs
Laser energy 600-800 mJ
Pressure 7-12 bar
Intensity < 4× 1018Wcm−2
Table 8.2: Optimum conditions for electron acceleration in the experiment
of the grating and intensity distribution in the focal spot].
A highly collimated and reproducible electron bunch generation were observed within
the mentioned physical conditions. More than 30% electron signals were along the direction
of laser propagation and are highly collimated as shown in the figure 8.7. Highly collimated
electron bunches were obtained when the pulse was focused in the vicinity of the entrance
edge of the gas jet. Some times the electron bunch moved randomly but still remaining close
to the laser propagation axis as shown in figure 8.8. This can be correlated with the pointing
stability of the laser pulse. Sometimes double peak electron bunches, as shown in figure
8.9, were also observed. The exact reason for this double peaked behaviour is not clear
but can be related to the non-uniformity of the intensity distribution in the focused laser
spot. Double filament propagation of the laser pulse was observed by Thomson scattering
diagnostic.
For a qualitative understanding of the correlation between the interaction conditions,
pulse propagation and electron signal generation, forward emitted light was monitored di-
rectly on a screen (normal white paper) placed behind the gas jet. The purpose was to
observe how the laser pulse gets modified in different conditions of electron generation.
Figure 8.10 illustrates how the variation in the spectrum of the forward emitted light and
laser pulse propagation (monitored by TS diagnostic) relates with the spatial profile of the
electron bunch. The laser was focused near the entrance edge of the gas jet. Initially, when
the electron bunch was spread all over the Lanex screen there was hardly any change in the
laser pulse colour. As the laser pulse starts propagating in a quasi-stable and self-confined
way, the spatial profile of the electron bunch starts reducing and the laser pulse displays
some additional colours in its profile. When highly collimated electron bunches are gener-
ated the laser pulse displayed a supercontinuum feature in the forward emitted light. These
feature were repeatable during the experiment but not very strictly linked with the electron
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Figure 8.7: A set of electron signal obtained during the experiment in the absence of magnetic
spectrometer. A highly collimated electron bunch along the direction of laser propagation were
generated with high reproducibility. The shots are not consecutive.
Figure 8.8: Consequence of pointing stability: Less directional electron bunches.
bunch profile. However, the change in colour of the transmitted pulse provided clear evi-
dence for the strong and weak interaction of the laser pulse with the medium. It is consistent
with the modulation of the pulse profile due to ionization inducing self-phase modulation.
A permanent magnet spectrometer was used to measure the electron energy spectrum.
The strength of the magnetic field was 0.9 Tesla. The magnet was placed 10 cm behind the
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Figure 8.9: Double peaked electron signals and their corresponding Thomson scattering images.
Due to non-uniform intensity distribution in the laser beam occasionally the pulse breaks up into two
components so producing multiple electron bunches.
Figure 8.10: A typical behaviour of forward transmitted laser pulse and its correlation with electron
bunch profile.
exit edge of the gas jet. The length of the magnetic field region was 50 mm and the Lanex
screen was placed at 30 cm from the magnet exit. Figure 8.11 shows an energy spectrum of
an electron signal obtained during the experiment. The image displays a two mono-energetic
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Figure 8.11: Electron bunch deflected by a permanent magnetic field and its corresponding spectrum
obtained during the first phase of the experiment. The image display the mono-energetic feature in
multi MeV energy range.
peaks in multi MeV energy range.
8.4 Conclusion
The main objective in the first phase of the SITE experiment was to explore the minimum
conditions for stable and high energetic (100s of MeV) electron generation. The minimum
requirements were successfully achieved with good reproducibility of the electron signal
and bunch quality. Electron bunches with small divergence and high directionality were
generated. Even though the pointing stability of the laser pulse was quite good, beam break-
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up was found to be critical in governing the shape of the electron bunch.
Part VI
Conclusion and references
Conclusions and future prospects
In this thesis experimental studies on high intensity laser matter interaction were pre-
sented. The main objective of the thesis was understanding the process of laser pulse propa-
gation in plasmas and subsequent generation of energetic electrons. For this purpose various
aspects of high power short pulse laser interaction with gases and underdense plasmas have
been studied experimentally and numerically. Experiments were performed with both, mod-
erate and high power laser systems. Many diagnostics were employed to study and control
the laser matter interaction. Most important one is the time-resolved interferometry, which
provide information on plasma density evolution and Thomson scattering, which proved to
be very useful during the experiment. Some issues regarding stable propagation of laser
pulse in plasma was also studied. It was found that stable propagation of laser pulses is
possible even in high density gas target.
The generation of energetic electrons was explored with different gas targets. With low
power laser system it was found that low atomic number gas targets, like helium, are good
for producing low diverging electrons. However, the energy of these electrons was limited
to only few MeV’s. With high atomic number gas target, like nitrogen, large diverging
electrons with few tens of MeV of energy can be produced. Moreover, the high atomic
number gas targets have displayed an extraordinary behaviour in modulating the frequency
spectrum of the laser pulse. In nitrogen and argon gases large frequency up-shift of the
incident laser pulse was recorded. Such a huge variation in frequency of the laser pulse
during propagation has never reported before (to our best knowledge). These time-integrated
images of frequency variation implies that proper control of the laser and gas medium could
produce controlled modification of the laser spectrum. These observation can also be used
as a potential tool for very intense laser pulses where direct measurement of laser parameters
is not possible. In addition, these observation also partially distinguish between the different
interaction regimes during the propagation. For example, highly non-linear regime can be
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distinguished from other weakly non-linear or linear regime based on the observation of the
propagation region. The frequency modulation will be more important where propagation
is non-linear. This way one can distinguish different regions during the propagation and can
qualitatively make an estimation about laser intensity changes during propagation.
One of the most important issue in laser matter interaction is to search for stable prop-
agation of laser pulses in plasmas. Tremendous progress in this direction has been made in
past years. Stable propagation of single laser pulse, without any external guiding, seems to
be difficult specially with high atomic number gas targets. In the present work, we found that
a moderate power laser pulse can propagate without any early optical or ionization induced
defocusing, even in high atomic number gas targets and at high pressure. The experimental
observation suggests that nature of the target medium plays a crucial role in guiding the
laser pulse. Proper choice of target is found to be essential within an available laser pulse
parameters, as it can enhanced or spoil the laser pulse propagation in plasmas.
The work presented in this thesis is significant from fundamental laser plasma interaction
study point of view. The work will be extended further to explore the effect of external axial
magnetic field on the stable propagation of the laser pulses and on the divergence of the
electron bunch profile. We intend to study the frequency up-shift process in more detail and
with different atomic species; to find a way to generate new compact radiation sources.
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